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ABSTRACT
Crustal Architecture of the Snake River Plain, Idaho, Through Geochemical
Investigation of Crustal Sill and Shallow Subvolcanic Xenoliths
by
Douglas James Jones, Master of Science
Utah State University, 2016

Major Professor: Dr. John Shervais
Department: Geology

The Snake River Plain (SRP) in southern Idaho is one of the best preserved
examples of continental hotspot tracks. A layered mafic intrusion has been seismically
imaged in the mid-crust, however, few geochemical studies have investigated the midcrustal sill complex’s importance in the evolution of SRP magmas. This thesis
investigates the geochemistry of 3 xenoliths from a mid-to-lower crustal sill complex
sampled from core taken from Kimama, ID, and 3 xenoliths from a shallow sub-volcanic
magma chamber beneath the SRP sampled from Sid Butte, ID. Forward modeling and
partition coefficient calculations estimate the parent melt of the Sid Butte xenoliths was a
Snake River Plain olivine tholeiite magma and the parent melt of the Kimama xenoliths
was an evolved Craters of the Moon (COM) type S magma. Geobarometic estimates
constrain the Sid Butte xenoliths origin to a shallow magma chamber at ~3.3 km and the
Kimama xenoliths in a mid-to-lower crustal sill complex at ~22 km. Kimama xenoliths
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have average δ18O of 5.42, indicating mantle origin and little-to-no assimilation of felsic
country rock. The presence of COM-type magmas in a mid-to-lower crustal sill complex
that have assimilated little-to-no crustal material indicate that fractionation processes
alone can produce evolved basaltic magmas in the subsurface of the SRP. This is in
contrast with theories that require a substantial amount of assimilation of felsic material
for the generation of evolved COM-type magmas in the SRP. This thesis not only
provides a better understanding of the crustal architecture of the SRP, it provides
evidence for the importance of crustal sill complexes and shallow subvolcanic magma
chambers in the evolution of SRP basalts.
(90 pages)
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PUBLIC ABSTRACT

Crustal Architecture of the Snake River Plain, Idaho, Through Geochemical Investigation
of Crustal Sill and Shallow Subvolcanic Xenoliths
Douglas James Jones

The Snake River Plain (SRP) in southern Idaho is one of the most well-preserved
examples of continent-hotspot interaction available today. Geophysical studies have
imaged a feature ~10 km thick at the base of the upper crust. This feature, termed the
“mid-crustal sill complex” is likely a layered mafic intrusion. The study of layered mafic
intrusions is important because it provides a link between deep plutonic processes and
shallow volcanic processes. Investigation of the mid crustal sill complex will provide
better understanding of the evolutionary process of SRP basalts.
This thesis investigates three xenoliths sampled from the Kimama drill core
collected near Kimama ID, and three xenoliths sampled from a basalt quarry at Sid
Butte, ID with the hypothesis that the xenoliths originated in a mid-to-lower crustal sill
complex. Through geochemical investigation, the hypothesis was supported for the
Kimama xenoliths and proved null for the Sid Butte xenoliths.
The investigation of these xenoliths supports the presence of layered mafic midto-lower crustal sill complexes beneath the SRP and its importance in the evolution of
SRP basalts. Also, shallow subvolcanic magma chambers are added to the current
model of crustal architecture of the SRP and their importance in the evolution of SRP
basalts is highlighted.
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Chapter I
Introduction
In Earth science, volcanic and plutonic processes have been largely viewed as
mutually exclusive. Understanding of fractional melting, crystal fractionation, magma
recharge, and host rock assimilation provides a link between plutons and surface lavas;
however, the intricate details of the connection between volcanism, plutonism, magma
chambers, sill complexes, and the formation of continental crust from mantle material
are not well understood. Surface lava flows often provide an extensive time series of
quenched magma aliquots, however, often these do not clearly show the evolution of the
parent magma (Marsh, 2004). The study of plutons offers insight into the evolution of
parent magmas, but links to their volcanic counterparts are typically not obvious. The
study of layered mafic intrusions (LMIs) may offer a greater understanding of the link
between these two vastly different systems because plutonic magmas can evolve to
their volcanic lava counterparts within LMIs (Marsh, 2004).
The Snake River Plain (SRP) in southern Idaho is one of the best-preserved
examples of a continental hotspot track available today (Pierce & Morgan, 1992;
Bonnichsen, Leeman, Honjo, McIntosh, & Godchaux, 2008). Geophysical studies have
imaged a ~10 km thick feature underneath the eastern SRP, which has been interpreted
as a mafic sill, termed “the mid-crustal sill complex” (Braile et al., 1982; Peng &
Humphreys, 1998). Cyclic variations in the geochemistry of overlying, cogenetic flow
basalts suggest that this feature is a LMI (Shervais, Vetter, & Hanan, 2006; Potter,
2014). Additionally, a lower crustal magma chamber has been imaged beneath
Yellowstone, which has also been interpreted as a LMI (Huang et al., 2015). Magma
fractionation, recharge, and other processes associated mid-to-lower crustal LMIs may
be important in the evolution of mantle derived magma to basaltic lava within the SRP.
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Six xenoliths were identified and collected from the axis of the SRP. Three were

sampled from the Kimama drill core of Project Hotspot and three were sampled from a
basalt quarry at Sid Butte, ID (Figure 1). If the xenoliths originated within mid-to-lower
crustal sill complexes, then calculated crystallization pressures should agree with depths
of ~10-40 km, the composition of the parent melt should be similar to typical SRP flow
basalts, and the xenoliths will have textures typical of rocks found within LMIs. This
hypothesis poses several questions: 1) What was the composition of the parent magma
of each xenolith suite? 2) Under what conditions (such as oxygen fugacity and depth) did
these xenolith suites originate? 3) Are these results consistent with mid-to-lower crustal
sill origin of the xenoliths, and if not, what are the alternative origins? Petrography,
geochemical analysis, and forward modeling of the parent melt composition address the
motivating hypothesis and associated research questions of this thesis.
Geologic Setting
The SRP is an area in southern Idaho of low relief bound to the northeast and the
southwest by Basin and Range topography (Figure 1). The SRP is a continental hotspot
track formed as the North American plate moved southwest relative to Yellowstone
Plume over the past ~17 million years. It is one of the most well preserved examples of
hotspot volcanism within continental lithosphere (Pierce & Morgan, 1992; Bonnichsen et
al., 2008; Shervais & Hanan, 2008).
Geophysical imaging of a 100 km diameter thermal anomaly in the upper mantle
below Yellowstone extending to a depth of ~500 km, near the top of the mantle transition
zone, and plunging 65 NW also indicates the presence of a mantle plume (Yuan &
Dueker, 2005; Waite, Smith, & Allen, 2006; Schmandt, Dueker, Humphreys, & Hansen,
2012). The interaction of the Y-SRP plume and the continental lithosphere in Idaho and
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Figure 1. Regional map of the Snake River Plain. Shaded relief-topographic map of the
SRP derived from NASA 10 m DEM data and contoured at 30 m intervals. Red stars =
xenolith locations. Adapted from “First Results from HOTSPOT: The Snake River Plain
Scientific Drilling Project, Idaho, USA,” by J. W. Shervais, D. R. Schmitt, D. Nielson, J.
P. Evans, E. H. Christiansen, L. Morgan,… J. M. Glen, 2013, Scientific Drilling, 15, p.
40. Copyright 2013 by Scientific Drilling.

Wyoming has produced large-scale eruptions resulting in caldera formation and smallerscale basaltic volcanism (Pierce, Morgan, & Saltus, 2000; Mason, Pyle, & Oppenheimer,
2004; Morgan & McIntosh, 2005; Pierce & Morgan, 2009)
The first evidence of hotspot related magmatism is where the Yellowstone plume
impacted the lithosphere of eastern Oregon and northern Nevada around 17 Ma (Glen &
Ponce, 2002; Shervais & Hanan, 2008). The eruption of the main phase of the Columbia
River Basalt Group began ca. 16.8-16.5 Ma, followed shortly by widespread rhyolite
ignimbrites further south (Camp & Ross, 2004; Shervais & Hanan, 2008). After ~15 Ma,
volcanism shifted east into Proterozoic-to-Archean aged lithosphere under the Owyhee
Plateau-Western Snake River Plain and continued eastward to its current position under
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Yellowstone Plateau (Ekren, McIntyre, Bennett, & Marvin, 1982; Leeman, 1982a;
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Shervais & Vetter, 2009).
The SRP shows a migration of silicic volcanism from the oldest volcanics at
Bruneau-Jarbidge caldera complex in SW Idaho to the Yellowstone Plateau in western
Wyoming (Pierce & Morgan, 1992; Bonnichsen et al., 2008; Shervais et al., 2006;
Shervais & Hanan, 2008). The temporal, spatial, and geological relationships between
these provinces indicate a single magmatic system. This system resulted from the
interaction of a mantle plume with North American continental lithosphere (Camp &
Ross, 2004; Hanan, Shervais, & Vetter, 2008; Jean, Hanan, & Shervais, 2014).
Volcanics of the eastern SRP initiate as rhyolitic caldera complexes that are
overlain by ~1-2 km of Pleistocene to late Pliocene basalt flows from small shield
volcanoes and cinder cones (Leeman, 1982a; Hildreth, Halliday, & Christiansen, 1991;
Shervais et al., 2006). Basaltic volcanism of the SRP began within 1 m.y. of the
cessation of silicic volcanism. Assimilation, fractionation, and remelting have resulted in
the bimodal volcanics that are characteristic of the SRP volcanic province (Leeman,
1982a; Hildreth et al., 1991; Hughes, Smith, Hackett, & Anderson, 1999; Leeman,
Schutt, & Hughes, 2009; McCurry & Rodgers, 2009). Basaltic volcanism is primarily
expressed by the eruption of monogenetic, olivine tholeiite basalt shields with high MgO
compositions and MORB-like depleted mantle signatures, however, some basalt flows
exhibit a more evolved chemistry (Hart & Carlson, 1987; Carlson & Hart, 1988; Hughes,
Wetmore, & Casper, 2002; Shervais et al., 2006; Putirka, Kuntz, Unruh, & Vaid, 2009).
The eastern SRP is underlain by Paleozoic sediments, mid-to-lower crustal
layered mafic sill complexes, a granulitic lower crust, a more felsic upper crust, a layer of
partial melt at the base of the crust, and an under-plated layer of mafic crust (Figure 2)
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Figure 2. Schematic cross section of the Snake River plain. Cross section running
roughly NW-SE showing the stratigraphy and Vp values of the SRP subsurface. Modified
from “Crustal Velocity Structure across the eastern Snake River,” by X. Peng and E. D.
Humphreys, 1998, Journal of Geophysical Research, 103, p. 7180. Copyright 1998 by
the Journal of Geophysical Research. And modified from “Layered mafic sill complex
beneath the eastern Snake River Plain: Evidence from cyclic variations in basalt,” by J.
W. Shervais, S. K. Vetter, and B. B. Hanan, 2006, Geology, 34, p. 366. Copyright 2006
by the Geological Society of America.

(Peng & Humphreys, 1998; Shervais et al., 2006; DeNosaquo, Smith, & Lowry, 2009).
The mid-to-lower crustal sill complexes are likely understudied LMIs that could deepen
understanding of the fractionation process in which the flow basalts of the SRP
underwent prior to eruption. Drilling projects in the SRP have provided access to a
continuous record of flow basalts that are not readily available at the surface.
Project Hotspot: the Snake River Scientific Drilling Project, funded by the U.S.
Department of Energy, the International Continental Drilling Program, and a consortium
of universities. The project focused on three drill sites; the Kimberly drill site near Twin
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Falls, ID, the Mountain Home drill site near Mountain Home Air Force base, and the
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Kimama drill site near Kimama, ID. The project recovered over 2 km of continuous core
from the Kimama drill site on the Axial Volcanic Zone (AVZ) of the SRP (Figure 1). The
AVZ is a topographic high region composed of tholeiitic shield volcanoes from the late
Pliocene and Pleistocene. The Kimama drill site was chosen to better understand the
AVZ. From the core recovered at this drill site, Potter (2014) identified and sampled four
xenoliths which are interpreted as sourced from a LMI beneath the Snake River Plain
(SRP).
Snake River Plain Basalt Petrology
The thin veneer of basalt overlying the rhyolitic caldera complexes within the
SRP originated from small shield volcanoes and less common cinder cone volcanoes
(Hart & Carlson, 1987; Carlson & Hart, 1988; Hughes et al., 2002; Shervais et al., 2006;
Putirka et al., 2009). Major and trace element data gathered from the basalts suggest a
sublithospheric mantle plume origin, similar to ocean island basalts (Leeman, 1982a;
Geist, Sims, Hughes, & McCurry, 2002; Hughes et al., 2002; Shervais et al., 2005).
Isotopic compositions suggest an enriched subcontinental lithospheric mantle (SCLM)
source, but mass balance models show that this isotopic signature can be imparted with
<4% assimilation of small melt fraction SCLM melts, without significantly impacting the
major and trace element chemistry (Hanan et al., 2008; Jean et al., 2014).
Magmas, including those in the SRP, tend to evolve through complicated
pathways of fractional crystallization, assimilation, and mixing through multiple levels
within the crust prior to eruption (Leeman, 1982c; Hildreth & Moorbath, 1988; Marsh,
2004; Shervais et al., 2006). The evolution of SRP basalts can be explained in a basic
three stage process. First, mantle derived picrites ascend from the base of the lower
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crust, into the mid-crustal sill complex at depths of about 10-20 km (Saltzer &
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Humphreys, 1997; Peng & Humphreys, 1998; Shervais et al, 2006; McCurry, Hayden,
Morse, & Mertzman, 2008; Putirka et al., 2009; Huang et al., 2015). In the mid-crustal sill
complex, the magma evolves though partial crystallization, fractionation, assimilation,
and magma recharge (Shervais et al., 2006). A lower-crustal magma body has been
imaged beneath Yellowstone. This feature has been interpreted as a layered mafic sill
complex, similar to the mid-crustal sill complex in the SRP (Huang et al., 2015). This
indicates that there may be a similar feature in the lower crust underlying the SRP in
which may play a similar role in the evolution of SRP as the shallower, mid-crustal sill
complex. Second, once the magma achieves positive buoyancy (through crystal
fractionation and other processes previously mentioned), it then migrates through the
middle crust through existing conduits. Last, at depths of 0-15 km, differentiation and
volatile content increases cause ascent of magma through the middle and upper crust
and possible eruption at the surface (Leeman, 1982c, Putirka et al., 2009).
There are two main types of basalts found within the SRP: Primitive Snake River
olivine tholeiites (SROT), and evolved Craters of the Moon (COM) type lavas (Kuntz,
Elsheimer, Espos, & Klock, 1985; Kuntz, 1992; Putirka et al., 2009). SROT flows cover
the majority of the SRP and are typically from monogenetic, single-pulse eruptions from
coalesced shield and lava cone volcanoes (Kuntz, Champion, Spiker, & Lefebvre, 1986;
Kuntz et al., 2007; Putirka et al., 2009).
SROTs tend to be relatively homogenous in composition (SiO2 ~45.2-48.0%,
MgO ~4.9-9.5%, FeOt ~11.5-16% and total alkalis ~1.4-4.6%) (Kuntz et al., 1985; Kuntz,
1992; Putirka et al., 2009). Differences in geochemistry between SROT flows are likely
to due to individual magma sources for each eruption (Hughes et al., 2002; Shervais et
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al., 2006). Separate magma batches would require the production of melts throughout a
range of depths and degree of crystallization within a stratified source region, such as
the mid-to-lower crustal sill complexes. Geochemical variations of individual magma
batches would require varying degrees of partial melt, fractionation, and assimilation
(Leeman & Vitaliano, 1976; Menzies, Leeman, Hawkesworth, & Pankhurst, 1984; Reid,
1995; Hanan, Vetter, & Shervais, 1997; Hughes et al 2002; Shervais et al., 2006).
COM flows, on the other hand, are largely restricted to the margins of the SRP
and are typically polygenetic, multiple-pulse eruptions from tephra cone volcanoes and
fissure systems. COM flows exhibit a wider range of SiO2 and FeOt compositions
(~44.3-62.9% and ~7.8-16.7% respectively), lower MgO concentrations (~0.5-5.6%) and
higher total alkali concentrations (~3.7-9.3%) than SROT lavas (Kuntz et al., 1985;
Kuntz, 1992; Putirka et al., 2009).
The reason for the difference in composition of COM magmas and SROT
magmas is controversial. The ascent path of SROT and COM magmas may account for
their differing compositions. SROT flows typically erupt near the axis of the SRP, where
pre Holocene magmatic activity has created “armored” conduits that the magmas pass
through (Shervais et al., 2006; Putirka et al., 2009). The armored conduits inhibit the
assimilation of felsic crust by the magmas, allowing SROT magmas to remain primitive
in composition. COM magmas tend to erupt off-axis of the SRP where felsic crust
remains more intact relative to the axis of the SRP. This offers the COM magmas a
source of crustal contamination that is not available to the SROT magmas along the
margins of the SRP (Putirka et al., 2009).
However, Potter (2014) identified two lava flow groups within the Kimama core
(from the center of the SRP) of COM-type composition. Since these magma batches
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likely ascended though the same “armored” conduits as SROT lavas it is unlikely their
evolved composition is due to crustal assimilation. The COM-type lavas identified by
Potter (2014) (and other COM-type lavas) may have been stored within mid-to-lower
crustal sill complexes long enough to allow the magma to fractionate and evolve to
COM-type compositions without significant crustal contamination (Leeman, 1982b;
Shervais et al., 2006; Potter, 2014). The Kimama core is not the only core to show
evidence of SRP lavas evolving within the crustal sill complexes.
Analysis of a 1136 m stratigraphic section of basalt obtained by scientific drilling
of the Heise volcanic complex in the eastern SRP shows geochemical variations of flow
basalts that are consistent with crystal fractionation, magmatic recharge, and host rock
assimilation in a layered magma chamber at mid-crustal depths underneath the eastern
SRP (Shervais et al., 2006). At least 10 upward fractionation sequences were observed
in the basalt section. These sequences are characterized by a gradual shift from more
primitive to more evolved chemistries (diminished MgO and Cr, and increased TiO2 and
K2O) and represent fractional crystallization and recharge cycles in the layered magma
chamber. The cryptic layering (changes in phase composition) within each cycle
represents cooling of the magma body. Four reversed cycles were observed in the
basalt section. These cycles represent the magmatic recharge of a previously
fractionated magma chamber that shifts the magma’s chemistry toward its original
composition (Shervais et al., 2006).
The mid-crustal sill complex acted as a reactive filter by affecting magmas that
attempted to traverse. It forced the intruding magmas to assimilate with previously
intruded, more evolved magmas (mostly ferrogabbroic in composition). Basalts above a
depth of 970 m have a constant isotopic composition. This indicates that the assimilant
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had similar isotopic composition as the intruding magma. Resulting basalts were the
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equilibrium phase assemblage of the two magma bodies. The presence of reversed
cycles within the LMI shows that individual batches of intruding magmas were not
erupted directly at the surface, but instead were “filtered” through sill complexes
(Shervais et al., 2006).
Crustal Architecture of Basaltic Volcanic-Plutonic Complexes
At the surface, the lithology of the eastern SRP is dominantly flow basalts. These
basalts are found to a depth of about 2 km. Underlying the flow basalts are ~3 km of
Paleozoic sediments, granitic upper crust (~20-5 km deep), and granulitic lower crust
(~40-20 km deep). At the base of the upper crust there is a dense layer termed “the midcrustal sill complex.” At the base of the lower crust, there is possibly a layer of partial
melt and an under-plated layer of mafic crust (Figure 2) (Peng & Humphreys 1998;
DeNosaquo et al., 2009). A lower crustal magma body has been imaged beneath
Yellowstone. This feature has been interpreted as a layered sill complex similar to the
mid-crustal sill complex in the SRP. A similar feature similar may be present in the lower
crust underlying the SRP. Crystallization is likely within two locations in the subsurface of
the SRP; the layer of partial melt at the base of the lower crust and in any mid-to-lower
crustal sill complexes present. Magma is stored at both of these locations, and likely
undergoes fractionation and other evolutionary processes. Magma fractionation and
recharge, and associated processes related to the layered crustal sill complexes, may
be important to the evolution of magma within the SRP.
The SRP mid-to-lower crustal sill complexes.
The mid-crustal sill complex has been imaged seismically at depths of ~10-20 km
with a thickness of ~10 km and a width of ~90 km. The sill complex has a high seismic
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velocity relative to adjacent felsic upper crust (Vp ~6.5 compared to ~6.1 km/s) between
the Vp of the assumed granulitic lower crust and the Vp of the assumed more felsic
upper crust (Figure 2) (Sparlin, Braile, & Smith, 1982; Braile et al., 1982; Peng &
Humphreys, 1998; DeNosaquo et al., 2009). The emplacement of this dense unit has
caused subsidence of the SRP. This subsidence is thought to be ongoing (Mabey, 1978;
Braile et al., 1982; Sparlin et al., 1982; McQuarrie & Rodgers, 1998; Rodgers, McCurry,
Ford, Price, & Scarberry, 2002). From geophysical evidence, it is difficult-to-impossible
to distinguish a single 10 km thick sill from a complex system of interconnected sills
emplaced over a prolonged period of time; however, geochemistry is a useful tool to
distinguish between the two scenarios.
Geochemical evidence from drill core has shown that the mid-crustal sill in the
SRP is most likely a complex system of partially interconnected sills, each feeding one
or more of the major volcanic centers on the surface of the SRP through shield
volcanoes over short time periods (Shervais et al., 2006; Potter, 2014). By identifying
upward fractionation and reversed cycles in drill core from basalt in the eastern Snake
River Plain, Shervais et al. (2006) were able to show that crystal fractionation and
recharge cycles occurred at intermediate crustal depths in a network of interconnected
sills and that the surficial flow basalts of the SRP likely evolved at depth within the midcrustal sill complex. Since basalts at the surface of the SRP are likely derived from
magmas that evolved in crustal sill complexes (Leeman, 1982c; Shervais et al., 2006;
Putirka et al., 2009), mineral phases crystallized within the mid-to-lower crustal sill
complex would likely be in equilibrium with magmas that are similar in composition to
typical SRP lavas observed at the surface.
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While the mid-crustal sill complex is the only LMI that has been imaged beneath

the SRP, other LMIs may also be present. Huang et al. (2015) imaged two magma
bodies underlying Yellowstone that they interpreted as sill complexes similar to the midcrustal sill complex underlying the SRP. The presence of multiple crustal sill complexes
underlying Yellowstone indicates there may be sill complexes underlying the SRP in
addition to the mid-crustal sill complex. These sill complexes in the lower crustal may not
have been previously imaged due to similar seismic velocities of the sill complex and the
surrounding host rock.
Layered mafic intrusions.
Mafic intrusions vary in size from small sills and dikes to much larger intrusions,
such as the 60,000 km2 Bushveld intrusion in South Africa (Maier, Barnes, & Groves,
2013). Although mafic intrusions can occur in any tectonic environment that allows for
basaltic magma generation, LMIs are distinguished from other mafic intrusions by
extensive layering which typically requires a critical thickness of about 400-500 m. LMIs
are formed when basaltic melts intrude into the crust then rise buoyantly until they collect
at a point of neutral buoyancy with the surrounding host rock (Wager & Brown, 1967;
Irvine, 1970; Jackson, 1970, 1971; McBirney & Noyes, 1979; Pallister & Hopson, 1981).
Layers within a LMI are typically a cyclic repetition of textures, phase
assemblages, and compositions (Wager & Brown 1967; Jackson, 1970). Types of
layering include modal layering (the variation of relative proportions of minerals), phase
layering (appearance or disappearance of minerals), and cryptic layering (the variation of
chemical composition of minerals). Many different mechanisms have been proposed to
affect the formation of layers within a LMI but the three most widely accepted
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mechanisms are gravitational settling, magma recharge/mixing, and advancing
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crystallization fronts (Hess, 1960; Wager & Brown, 1967; Irvine 1970).
The idea of gravitational settling was first recognized by Charles Darwin almost
200 years ago during his famous voyage on the HMS Beagle (Darwin, 1844). It is now
the most widely accepted mechanism for the formation of layers within a LMI.
Gravitational settling operates under the assumption that when a mineral crystallizes, if it
is denser than the melt it sinks to the bottom of the magma chamber (Wager & Brown,
1967).
Operating on the same principle as gravitational settling is the lesser-known
mechanism of crystal flotation. Crystal flotation operates under the assumption that a
less-dense mineral crystallizes in a melt of higher density. This typically happens when a
plagioclase of medium composition (~An40-An60) crystallizes from a primitive melt that
has already crystallized olivine±pyroxene. The result is either the plagioclase crystal
floating towards the top of the magma chamber or melt flowing down away from an insitu block of plagioclase crystals (Sparks & Huppert 1984; Scoates, 2000; Namur et al.,
2011; Arndt, 2013).
In contrast with gravitational settling and crystal flotation, crystallization fronts
operate under the assumption that the viscosity of the surrounding liquid is high enough
to the keep the crystal from moving up or down within the magma chamber, in which
case the crystal remains in-situ. Magma chambers lose the largest amount of heat
through their sides, bottom, and top. This cooling promotes the crystallization, creating
crystallization fronts along these margins (Irvine, 1970; McBirney & Noyes, 1979).
Another mechanism thought to produce layering within LMIs, either
independently or in conjunction with other mechanisms, is magma recharge or magma

!

!
mixing. Recharge or mixing of a magma chamber with more primitive magma would
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reset the differentiated magma back towards a more primitive composition and, in a
sense, restart the fractionation process (Wager & Brown, 1967; Irvine, 1970; Jackson,
1970, 1971; McBirney & Noyes, 1979). These mechanisms are not only responsible for
the types of layering in LMIs, but also the textures observed in rocks from LMIs.
There are three basic textures typical of cumulate rocks found in LMIs;
Orthocumulate, mesocumulate, and adcumulate. Crystals form on crystallization fronts,
or accumulate on the bottom of a magma chamber through gravitational settling. These
cumulate crystals tend to be very homogenous in composition and exhibit little to no
zoning (Wager & Brown, 1967). The amount of additional crystallization of the cumulate
crystals varies between different cumulate rocks.
When little additional crystallization occurs along the boundaries of cumulate
crystals, and other crystal phases fill the interstices, the texture is referred to as
“orthocumulate.” On the other end of the spectrum, “adcumulate” texture is the continued
growth of the cumulate crystal that fills the original interstices. “Mesocumulate” texture is
intermediate to the orthocumulate texture and the adcumulate texture. When the
cumulate crystals have additional growth into the interstices, but other mineral phases
also form in the interstices, the texture is described as mesocumulate. These cumulate
textures indicate the degree of exchange the interstitial fluids had with the rest of the
magma chamber (Wager & Brown, 1967).
Orthocumulate texture indicates that no exchange of the interstitial fluid occurred
with the rest of the magma chamber. The interstitial melt is isolated from the rest of the
magma chamber and continues to crystallize the cumulate crystal. Once the chemistry of
the interstitial melt is depleted and the cumulate crystal is no longer in equilibrium with

!

!
the melt, other phases begin to crystallize from the interstitial melt. The adcumulate
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texture indicates unabated exchange of interstitial fluid with the rest of the magma
chamber. The cumulate crystals continue to grow and fill the interstices as they are in
equilibrium with the interstitial melt, and the rest of the magma chamber. Additional
growth of the cumulate crystals is often of the same composition as the original cumulate
crystal; however, the additional crystal growth can be of a different composition, creating
zoning of the cumulate crystals. Mesocumulate texture represents limited exchange of
the interstitial fluid with the rest of the magma chamber. The cumulate crystals
experience additional growth but also other phases crystalize in the interstices (Wager &
Brown, 1967).
Adcumulate, mesocumulate, and orthocumulate textures are all typical of LMIs.
They are functions of the mechanisms (gravitational settling, flotation, crystallization
fronts, and magma recharge) that also control the types of layering present within a LMI.
These mechanisms may be important in understanding the mid-to-lower crustal sill
complexes.
Possible Xenolith Sources
Xenoliths found at the surface of the SRP could originate from any one of the
underlying stratigraphic units. SRP xenoliths could originate from the mantle, the layer of
partial melt at the base of the lower crust, the under-plated layer of mafic crust, the
upper or lower crust, mid-to-lower crustal sill complexes, the Paleozoic sediments, or the
flow basalts.
If xenoliths are from the mantle, under-plated mafic crust or layer of partial melt,
they would be mafic in composition and geobarometry of the xenoliths would report
pressures of >12 kbar (Saltzer & Humphreys, 1997; Peng & Humphreys, 1998; McCurry
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et al., 2008; Shervais et al., 2006; Putirka et al., 2009; DeNosaquo et al., 2009).
Xenoliths from the upper or lower crust would be of intermediate to felsic and composed
of quartz, plagioclase, alkali feldspar, orthopyroxene, clinopyroxene, Fe-Ti oxides, and/or
interstitial glass if they originated from the upper or lower crust. Also, δ18O would be in
the range of ~7-9‰ (Leeman & Whelan, 1983) and thermobarometry would report
pressures of ~1.5-12 kbar (Peng & Humphreys, 1998; DeNosaquo et al., 2009). The
xenoliths would be noncrystalline sedimentary rocks if they originated from the layer of
Paleozoic sediments, and would have calculated pressures of ~0.6-1.5 kbar (Rodgers,
Ore, Bobo, McQuarrie, & Zentner, 2002). If the xenoliths are of flow basalt origin, the
xenoliths would be fine grained rocks of typical SRP composition. Barometry would
report pressures of ~0-.6 kbar (Peng & Humphreys, 1998; DeNosaquo et al., 2009). The
last logical place of origin for the xenoliths is the mid-to-lower crustal sill complexes.
Xenoliths originating in a mid-to-lower crustal sill complex should have textures typical of
cumulate rocks, barometric pressures of ~3-12 kbar, and mineral phases would be in
equilibrium with a typical SRP magma. Since this thesis predicts that the xenoliths
originated in the mid-to-lower crustal sill complexes, the rest of this section will describe
how xenoliths from the mid-to-lower crustal sill complexes can be discerned from
xenoliths of different origin.
Phase assemblage and depth of crystallization easily differentiate mantle
xenoliths and mid-to-lower crustal sill complex xenoliths. Mantle xenoliths would likely be
of dunite composition (≥90% olivine ±pyroxene, chromite, magnetite and pyrope)
(DeNosaquo et al., 2009) whereas mid-to-lower crustal sill xenoliths would have a phase
assemblage typical of a cumulate rock from a LMI (plagioclase ± olivine ± pyroxene ±
Fe-Ti oxides) (Wager & Brown, 1967). Crystallization pressures would likely be greater
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for the mantle xenoliths (≥12 kbar) than mid-to-lower crustal sill xenoliths (~3-12 kbar)
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(Peng & Humphreys, 1998; DeNosaquo et al., 2009).
The crystallization depth of xenoliths from the under-plated mafic crust or from
the layer of partial melt at the base of the crust would likely be higher than the
crystallization depth of xenoliths from a mid-to-lower crustal sill complex (≥40 km vs. 1040 km). Since magmas undergo fractionation and other evolutionary processes in the
mid-to-lower crustal sill complexes, mineral phases of xenoliths from a mid-to-lower
crustal sill complex would be in equilibrium with a more evolved parent melt (close to
typical SRP flow basalts) than xenoliths from the base of the lower crust (close to picrate
composition) (Saltzer & Humphreys, 1997; Peng & Humphreys, 1998; Shervais et al,
2006; McCurry et al., 2008; Putirka et al., 2009).
Xenoliths from the granitic/granulitic lower/upper crust have δ18O values from
~6.7-9.2‰, which are typical of granitic crust (Leeman & Whelan, 1983). Xenoliths from
a mid-to-lower crustal sill complex would have δ18O values typical of mantle derived
magmas (4.8–5.5‰) (Mattey, Lowry, & Macpherson, 1994) unless significant
assimilation of granitic crustal rock occurred (Shervais et al., 2006). The phase
assemblage of crustal xenolith would also differ from the phase assemblage of a mid-tolower crustal sill xenolith (quartz, plagioclase, alkali feldspar, orthopyroxene, and
clinopyroxene for a crustal xenolith vs. plagioclase, olivine, pyroxene, Ti-Fe oxides, and
amphibole for a mid-to-lower crustal sill xenolith) (Wager & Brown, 1967; Leeman,
Menzies, Matty, & Embree, 1985; Watts, Leeman, Bindeman, & Larson, 2010). The
phase assemblage of the crustal xenolith would be in equilibrium with an Archean
granitic magma, while the mid-to-lower crustal sill xenolith would be in equilibrium with a
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typical SRP basaltic magma (Leeman et al., 1985; Shervais et al., 2006; Watts et al.,
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2010).
The difference between a Paleozoic sedimentary xenolith and a mid-to-lower
crustal xenolith would be obvious as one is a sedimentary rock and the other would be a
coarse grained igneous rock. Flow basalt xenoliths would also differ in texture from midto-lower crustal sill xenoliths. Flow basalt xenoliths would have textures similar to SRP
flow basalts (aphanite to porphyritic) while mid-to-lower crustal sill xenoliths would have
textures typical of rocks found in LMIs (phaneritic with cumulate textures) (Wager &
Brown, 1967; Shervais et al., 2006; Potter, 2014). The phase assemblage of mid-tolower crustal sill xenoliths would include high-pressure phases, such as clinopyroxene,
but the phase assemblage of the flow basalts would likely only include plagioclase and
olivine. Crystallization depths of Paleozoic sedimentary xenoliths, flow basalt xenoliths,
and mid-to-lower crustal sill xenoliths (0-2 km for flow basalt xenoliths, 2-5 km for
Paleozoic sedimentary xenoliths, and 10-40 km for mid-to-lower crustal sill xenoliths)
would also be diagnostic from their associated pressures (Peng & Humphreys, 1998;
DeNosaquo et al., 2009).
Distinguishing characteristics of xenoliths include crystallization depth, phase
assemblage and composition, and petrographic textures. Through careful analysis of
these characteristics, this thesis addresses the hypothesis that if the xenoliths originated
within a mid-to-lower crustal sill complex, then calculated crystallization pressures will
agree with depths of ~10-20 km, the composition of the parent melt (from phase
composition) will be similar to typical SRP flow basalts and the xenoliths will have
textures typical of rocks found within LMIs. If the data do not agree with the hypothesis,
an alternative explanation will be given.
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Chapter II
Methods
Xenoliths found in core drilled near Kimama, ID, along the spine of the SRP,

were identified and removed by Potter (2014). One inch round probe-mount thin sections
were professionally made of several of the Kimama xenoliths, while the rest of the
xenoliths were cut into ~2 cm blocks and polished down to 1 µm grit. Additional xenoliths
were collected from a basalt quarry on Sid Butte in Southern Idaho using a gas powered
paleo-mag drill. Three of these xenoliths were cut down in size and made into 1 inch
round probe-mount thin sections in the rock lab of the Utah State University Geology
Department in Logan, Utah. All of the xenolith samples were studied petrographically
prior to electron microprobe (EMP) and other analyses.
Analytical Methods
The FEI Quanta FEG 650 scanning electron microscope at Utah State University
in Logan, Utah was used to make backscattered electron (BSE) images and
compositional phase maps from energy dispersive spectroscopy (EDS) of the probemount thin sections and the polished xenolith blocks. These maps were used to identify
and locate phases within each xenolith to allow for major element analyses by EMP and
trace element analysis by a laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS). These maps were also used to observe textures within the
xenoliths to help identify the conditions at which the xenoliths originated.
The probe-mount thin sections and the polished xenolith blocks were analyzed
for major element composition using a Cameca SX50 electron microprobe (EMP) at
Brigham Young University in Provo, Utah. Analysis of the suite of minerals found in each
xenolith was done under a variety of conditions: Olivine was run at 15 kV, 10 nA, 10 µm
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with a San Carlos olivine standard; amphibole was run at 15 kV, 20 nA, 10 µm with a
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Kakanui amphibole standard; feldspar was run at 15 kV, 10 nA, 10 µm; pyroxene was
run at 15 kV, 20 nA, 10 µm; titanite was run at 15 kV, 20 nA with a titanite standard
produced by the C.M. Taylor corporation, 10 µm; and unknown phases were run at 15
kV, 10 nA, 10 µm with a Kakanui amphibole standard. Some uncertainty arises in EMP
analysis. Many times, analyses produce oxide percentages that do not add up to 100%.
One reason for this error is unevenness of the surface being analyzed. To try to
eliminate this source of error, plagioclase, olivine, and clinopyroxene analyses varying
from 100% by more than 1.5% were discarded. Amphibole analyses varying from 97.5%
by more than 1.5% were discarded. Major element data from EMP analysis were
collected for modeling of the xenoliths’ parent magma composition and are reported in
Tables A1, A2, A3, A4, A5 and A6. The parent magmas’ major element composition will
be used to test the hypothesis that the xenoliths originated from within a mid-to-lower
crustal sill complex. If the parent magmas’ major element compositions are similar to
typical SRP lavas, the hypothesis will be supported.
Trace element analysis of each mineral phase was made on an Agilent 7500ce
quadrupole inductively coupled plasma mass spectrometer using a 193 nm excimer
PhotonMachines laser at the University of Utah, Salt Lake City, Utah. Several analyses
were taken for each identified phase within each sample with 100% beam energy,
fluence of 7.19 J/cm2, 31.4 µm spot size, 15 kV beam energy, 10 Hz repetition rate, 480
shot count, 1 L/min He carrier gas, an acquisition time of 20 seconds per spot, Nist610
as the external standard, and 29Si or 47Ti for the internal standards. The LA-ICP-MS
trace element data was reduced with Iolite 2.5 for Igor Pro software, using silica and
titanium compositional data from previous EMP work. Additional EMP analysis was
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required to identify phases analyzed by LA-ICP-MS. Trace element analyses by LA-ICPMS were collected for calculations of the xenoliths’ parent magma composition. Trace
elements have low concentrations in mineral phases. This provides a challenge in
accurately measuring trace element concentrations in mineral phases. Parent magma
trace element composition will be used to test the hypothesis that the xenoliths
originated from within a mid-to-lower crustal sill complex. If the parent magmas have
trace element composition similar to typical SRP lavas, the hypothesis will be supported.
Small chips of each of the Kimama xenoliths were sent to John Valley at
University of Wisconsin Madison for oxygen isotope analysis on the IMS-1280 ion
microprobe. These data were collected to constrain the xenoliths’ parent magma
composition and evolution and are reported in δ18O per mil relative to Vienna Standard
Mean Ocean Water (VSMOW). If δ18O values of the Kimama xenoliths are typical of
mantle values, the hypothesis that the Kimama xenoliths originated from within a mid-tolower crustal sill complex will be supported.
Petrologic Modeling Methods
Petrologic modeling was carried out using the software Petrolog® by
Danyuskevsky and Plechov (2011). This program uses experimental thermodynamic
data to calculate liquidus melt assemblages and resulting magma densities and
viscosities for given melt compositions. These liquidus melt assemblages represent the
phase assemblage found on the liquidus of these melts under given pressure and fO2
conditions. It also calculates the compositions of these phases using a range of models
that are user selectable. Petrologic modeling was done to constrain both the major
element composition of the xenoliths’ parent magma composition, as well as the
conditions at which the xenoliths originated.
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Chapter III
Results
Petrography
Probe mount thin sections were studied using a transmitted light petrographic
microscope. The xenolith blocks were studied using a reflected light petrographic
microscope. However, phases and textures were difficult to identify using the reflected
light microscope, so phase and textural identification for the xenolith blocks were largely
done using EDS analysis and BSE imaging on a SEM. The hypothesis that the xenoliths
originated in a mid-to-lower crustal sill complex will be supported if the xenoliths show
textures typical of LMIs.
Sid Butte xenoliths.
The xenoliths collected from Sid Butte resemble coarse-grained basalt. The
xenoliths range in size from 7.5 cm down to 3 mm. Macroscopically, white plagioclase
euhedral to subhedral laths (2 mm to 5.5 mm in size), green anhedral olivine crystals (up
to 3 mm in size), black, anhedral clinopyroxene crystals (up to 5 mm in size), and
vesicles (up to 2 cm in size) are visible (Table 1). By area, the xenoliths are composed of
40-60% plagioclase, 10-20% olivine, 0-5% clinopyroxene, 0-10% glass, and 15-20%
vesicles. Microscopically, the plagioclase laths exhibit slight zoning, extensive twinning,
and undulatory extinction. The xenoliths exhibit a mesocumulate texture, with olivine,
clinopyroxene, glass, and vesicles in the interstices of the plagioclase laths (Figure 3).
Kimama xenoliths.
The Kimama xenoliths are very coarsely grained. The xenoliths range in size
from 1.5 cm to 3.0 cm. Macroscopically, large (≤2.2 cm) subhedral, equidimensional
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Table 1
Summary of Xenolith and Phase Sizes
Sample
Location Size Plag
Ol
CPX
Amph Ilmen Spn
(cm) (mm)
(mm)
(mm)
(mm)
(mm)
(mm)
KX3672.7 Kimama
2.2
15-22 ≤0.5
≤0.5
≤0.5
KX3686.1 Kimama
1.8
6-10
≤0.5
KX3700.2 Kimama
3
1.5-12 ≤0.5
≤0.5
≤0.5
≤4.5
≤0.5
SB15DJ1 Sid Butte 3.2
≤5.5
SB15DJ2 Sid Butte 2.4
≤4.0
Note. Plag=plagioclase; CPX=clinopyroxene; Amph=amphibole; Ilmen=ilmenite;
Spn=sphene; cm=centimeter; mm=millimeter.

Figure 3. Thick section photomicrograph of a Sid
Butte xenolith. Cross-polarized light
photomicrograph showing orthocumulate texture of
clinopyroene and olivine formed in interstices of
plagioclase laths in sample SB15DJ2.
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plagioclase crystals (one with slight labradorescence) are visible (Table 1). In sample
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KX3700.2, an anhedral ilmenite is visible. Microscopically, the plagioclase crystals do
not exhibit zoning, and minimal twinning. Other phases such as clinopyroxene,
amphibole, sphene, and ilmenite are present as inclusions or in the interstices of the
plagioclase crystals. These crystals are much smaller (≤0.5 mm) than the plagioclase
crystals (Table 1) and are difficult to identify even in thin section due to their small size.
When ilmenite is present, many of the other phases are found along the ilmeniteplagioclase grain boundaries (Figure 4). Calcite is also present; however, it is likely a
secondary phase.

Figure 4. Back scattered electron image of a
Kimama xenolith. Clinopyroxene and olivine
formed on grain boundary of a plagioclase
crystal and an ilmenite crystal. Plag=plagioclase;
cpx=clinopyroxene; ol=olivine.
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Major Element Chemistry of Mineral Phases
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Mineral phases found in the xenolith suites include plagioclase, olivine,
clinopyroxene, amphibole, ilmenite, sphene, and calcite. Phase composition within each
xenolith suite is fairly homogenous. As compared to the Kimama xenoliths, the Sid Butte
xenoliths’ plagioclase is more Ca-rich, and the olivine and clinopyroxene are more Mgrich. Major element composition of the xenoliths will be used to constrain the major
element composition of the xenoliths’ parent magmas. If the xenoliths’ parent magmas’
major element composition is similar to typical SRP lavas, the hypothesis that the
xenolith originated from within a mid-to-lower crustal sill complex will be supported.
However, this is not a unique discriminator since a SRP basaltic parent melt would also
be typical of a flow basalt origin of the xenoliths.
Sid Butte xenoliths.
In the Sid Butte xenoliths, plagioclase, olivine, and clinopyroxene phases are
present. Plagioclase composition is An64 (n=13) in xenolith SB15DJ1, An67 (n=12) in
xenolith SB15DJ2, and An66 (n=16) in xenolith SB15DJ4. The average plagioclase
composition of all Sid Butte xenoliths is An66 (n=41). Olivine composition is Fo69 (n=10) in
xenolith SB15DJ1, Fo75 (n=26) in xenolith SB15DJ2, and Fo73 (n=13) in xenolith
SB15DJ4. The average olivine composition of all Sid Butte xenoliths is Fo73 (n=49).
Clinopyroxene was only present in xenolith SB15DJ4, and the composition is
Wo43En40Fs18 (n=3). These data are summarized in Tables 2, A1, A3 and A5.
Kimama xenoliths.
Plagioclase, olivine, clinopyroxene, sphene, amphibole, ilmenite, and calcite
phases are present in the Kimama xenolith phases. Plagioclase composition is An60
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Table 2
Summary of Mineral Phase Composition
Sample
KX3672.7
KX3686.1
KX3700.2
SB15DJ1

Plag
(An)
60
59
59
64

Ol
(Fo)
57
57
69

CPX
(Mg#)
64
63
-

Amph
(Fe#)
Present
64
77
-

Ilmenite
(TiO2%)
50.27
P
-

Spn

Calcite

P
-

P
-

SB15DJ2 67
75
SB15DJ4 66
72
69
Note. Plag=plagioclase; ol=olivine; CPX=clinopyroxene;
Amph=amphibole; Spn=Sphene; An=Anorthite; Fo=Forsterite;
P=Mineral is present in sample.

(n=9) in xenolith KX3672.7, An59 (n=7) in xenolith KX3686.1, and An59 (n=17) in xenolith
KX3700.2. The average plagioclase composition of all Kimama xenoliths is An59 (n=33).
Olivine composition is Fo57 (n=4) for xenolith KX3672.7 and Fo54 (n=4) for xenolith
KX3700.2. The average olivine composition of all Kimama xenoliths is Fo56 (n=8).
Clinopyroxene composition is Wo44 En36 Fs20 (n=2) for KX3672.7, Wo43En36Fs21 (n=19)
for KX3700.2, and Wo43 En36 Fs21 for all Kimama xenoliths. Amphibole Mg#s are 64
(n=11) for xenolith 3686.1, and 65 (n=5) for xenolith 3700.2. The average Mg# for all
Kimama xenoliths is 65 (n=16) for all amphibole analyses. These data are summarized
in Tables 2, A2, A4, A5 and A6.
Trace Element Geochemistry of Mineral Phases
Trace element trends were similar in both xenolith suites, but the range of values
calculated for Kimama xenoliths’ parent melt trace element composition is much wider
than the Sid Butte xenoliths’ parent melt. Plagioclase trace element concentrations had a
positive anomaly at Eu due to Eu2+ substitution into the crystal lattice (Drake, 1972;
Drake & Weill, 1974). Plagioclase tends to be enriched in the light rare earth elements
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(LREEs), olivine tends to be enriched in the heavy rare earth elements (HREEs), and
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clinopyroxene and amphibole tend to be enriched in all of the rare earth elements
(REEs). Low concentrations of trace elements in the mineral phases provides a more
significant error in measuring concentrations as opposed to measuring concentrations of
major elements in mineral phases. Trace element data will be used to constrain the trace
element composition of the xenoliths’ parent magmas.
Sid Butte xenoliths.
Plagioclase crystals in the Sid Butte xenoliths have high concentrations
(generally above 0.2 ppm) of the LREEs and were found to have a negative trend with
positive anomaly at Eu. Olivine phases have high concentrations (generally above 0.01
ppm) of the HREEs and were found to have a positive trend. Clinopyroxene phases
have high concentrations of all REEs (generally above 0.07 ppm) and were found to
have a slight negative trend (Figure 5). Trace element concentration data for each phase
in the Sid Butte xenoliths are summarized in Table 3.
Kimama xenoliths.
Analyses of plagioclase phases in the Kimama xenoliths have high LREEs
concentrations (generally above 0.2 ppm) and were found to have a negative trend with
a positive anomaly at Eu. Analyses of olivine phases have high concentrations of the
HREEs (generally above 0.02 ppm) and were found to have a positive trend.
Clinopyroxene phases have high concentrations (generally above 0.6 ppm) of all REEs,
and were found to have a slight negative trend. Amphibole phases have high
concentrations of all REEs (generally above 1 ppm), and were found to have a negative
trend (Figure 6). Trace element concentration for each phase within the Kimama
xenoliths are summarized in Table 4.
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Figure 5. Sid Butte raw REE data. Shown in light blue (SB15DJ1), dark blue
(SB15DJ2) and black (SB15DJ4). Top left: Plagioclase, with significant values of
the LREE with enrichment in Eu. Top right: Olivine, with significant values of some
HREE. Bottom left: Clinopyroxene, with significant values of all REE.
!
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Table 3
Summary of Calculated Sid Butte Melt Trace Element Composition
Element Plag
Ol
CPX
Min
Max
99SRP(ppm)
(ppm) (ppm) (ppm) (ppm)
358 (ppm)
La
30.8
53.2
30.8
53.2
53.40
Ce
71.2
95.6
71.2
95.6
109.93
Pr
6.2
18.0
6.2
18.0
13.98
Nd
25.0
50.7
25.0
50.7
65.54
Sm
4.4
8.7
4.4
8.7
12.51
Eu
2.5
4.0
2.5
4.0
3.48
Gd
6.3
6.3
6.3
12.80
Tb
1.0
1.0
1.0
1.80
Dy
7.7
6.1
6.1
7.7
10.99
Ho
1.3
1.3
1.3
2.00
Er
1.2
2.3
1.2
2.3
6.03
Tm
0.75
Yb
1.5
2.3
1.5
2.3
5.05
Lu
0.7
0.4
0.4
0.7
0.72
Sr
316.9
- 930.6 316.9
930.6
288.0
Rb
12.9
4.9
4.9
12.9
12.0
Ba
634.6
- 403.4 403.4
634.6
551.0
K
6648
6648
6648
6001
Li
9.1
9.1
9.1
Th
0.4
0.4
2.28
U
0.73
Nb
53.7
Ta
Zr
- 257.9 257.9
257.9
424
Hf
2.5
2.5
2.5
9.32
Ti
9572
- 15000 9571.
15000.0
20080
6
Y
14.7
35.8
14.7
35.8
58
Note. The average trace element composition of the Sid Butte parent
melt calculated from each mineral phase in parts per million. Also,
minimum and maximum calculated values for each element and the
trace element composition of sample 99SRP-358. Plag=plagioclase;
Ol=olivine; CPX=clinopyroxene.
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Figure 6. Kimama raw REE data. Shown in black (KX3686.1), light blue (KX3672.7)
and dark blue (KX3700.2). Top left: Plagioclase, with higher values of the LREE
with enrichment in Eu. Top right: Olivine, with higher values of the HREE. Bottom
left: Clinopyroxene, with higher values of all REE. Bottom right: Amphibole, with
significant values of all REE with enrichment of LREE. REE=rare earth elements;
HREE=heavy rare earth elements; LREE=light rare earth elements.
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Table 4
Summary of Calculated Kimama Melt Trace Element Composition
Element Plag
Olivine CPX
Amph
Min
Max
KA1B3536
(ppm)
(ppm) (ppm)
(ppm)
(ppm) (ppm) (ppm)
La
29.7
496.0
428.2
29.7 496.0
106.0
Ce
66.1
516.1
502.1
66.1 516.1
267.0
Pr
5.5
40.9
48.6
5.5
48.6
29.0
Nd
24.0
117.6
170.0
24.0 170.0
141.0
Sm
2.7
46.1
24.4
2.7
46.1
30.8
Eu
0.6
13.9
3.0
0.6
13.9
8.42
Gd
31.8
41.2
71.0
31.8
71.0
34.7
Tb
2.6
6.3
1.6
1.6
6.3
4.27
Dy
20.8
34.0
9.6
9.6
34.0
27.9
Ho
6.0
8.3
1.9
1.9
8.3
4.87
Er
17.5
23.0
6.7
6.7
23.0
16.2
Tm
1.83
Yb
11.4
23.6
10.0
10.0
23.6
14.28
Lu
1.4
1.8
1.4
1.4
1.8
1.76
Sr
256.8
207.1
298.8 207.1 298.8
301.0
Rb
11.0
25.1
225.9
11.0
226
37.7
Ba
585
1126
585
1126
1287
K
15028
11067
- 11067 15028
14691
Pb
16.0
21.0
319.3
16.0 319.3
18.35
Ti
10759 14238
13433
61833 10759 61833
20563
Y
16.3
222.7
167.7
174.0
16.3 222.7
104.0
Li
15.1
61.3
14.2
161.0
14.2 161.0
Hf
17.2
32.6
17.2
32.6
23.79
Zr
858
723
2566
723
2566
Th
23.9
23.9
23.9
5.75
U
8.2
46.9
8.2
46.9
1.74
Nb
50.3
315.4
50.3 315.4
73.1
Ta
2.1
16.2
2.1
16.2
3.59
Note. The average trace element composition of the Kimama parent melt
calculated from each mineral phase in parts per million. Also, minimum and
maximum calculated values for each element and the trace element
composition of sample KA1B3536. CPX=clinopyroxene; amph=amphibole.
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Plagioclase mineral separates from the Kimama xenoliths have an average δ18O
(SMOW) of 5.42 ‰, and the host basalt had an average δ18O of 4.90 ‰ (Table 5).
These values are consistent with current estimates of upper mantle oxygen isotope
compositions. Mattey et al. (1994) analyzed 76 mantle xenoliths and documented δ18O
values of olivine that average 5.18 ± 0.28 ‰ (2 S.D.; overall range of 4.8–5.5 ‰). They
showed that coexisting clinopyroxenes display positive Δ18O cpx-olivine fractionations
averaging 0.4 ‰ (consistent with isotopic equilibrium at normal mantle temperatures),
and that the bulk compositions of spinel, garnet and diamond-facies mantle are similar,
with a calculated bulk mantle δ18O of 5.5‰. While the upper mantle oxygen isotope
composition was estimated from olivine, and δ18O measurements of the Kimama
xenoliths were taken from plagioclase, at high temperatures there is little oxygen isotopic
partition in plagioclase crystal lattice compared to the olivine crystal lattice (Bindeman,
2008). Therefore, it is reasonable to compare δ18O from the Kimama xenolith plagioclase
to δ18O from the mantle xenolith olivine.

Table 5
Summary of δ18O Composition
Sample
Phase
δ18O (SMOW) ‰
KX3672.7
Plagioclase
5.36
KX3686.1
Plagioclase
5.38
KX3700.2
Plagioclase
5.39
KX3700.2
Plagioclase
5.56
KX3686.1
Host basalt
4.93
KX3700.2
Host basalt
4.87
Average
Plagioclase
5.42
Average
Host Basalt
4.90
18
Note. Overview of δ O oxygen isotope data of Kimama
xenolith plagioclase and host basalt. SMOW=standard mean
ocean water.
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Chapter IV
Discussion
Forward modeling provided estimates of parent melt major and trace element
compositions as well as constraints on crystallization conditions (such as oxygen
fugacity and depth) of each xenolith. Parent equilibrium melt trace element compositions
were also estimated by using trace element composition of minerals found in the
xenoliths and published partition coefficients. By estimating the composition of the
equilibrium parent melt of each xenolith suite, the hypothesis that the xenoliths
originated within a mid-to-lower crustal sill complex is tested. If the composition of the
parent melt is similar to typical SRP lavas, the hypothesis will be supported. Textures
identified in petrographic analysis also address the hypothesis. If xenoliths exhibit
textures, such as large, unzoned crystals and cumulate textures, that are typical of LMIs,
this supports the hypothesis that the xenoliths originated within a mid-to-lower crustal sill
complex. This chapter also presents a new crustal architectural model for the SRP.
Petrologic Modeling of Xenolith Parent Magmas – Major Element Compositions
Whole rock compositions of basalts from Sid Butte and the Kimama drill core
were used as proxies for the major element composition of the xenolith parent melts.
Potential parent melt compositions were assumed, and their melt liquidus associations
were calculated using the petrologic modeling software Petrolog® (Danyushevsky &
Plechov, 2011). Pressure and oxygen fugacity were varied in an effort to match the
calculated plagioclase, olivine, and clinopyroxene compositions to those measured in the
xenoliths. Pressures were varied from 1 to 6.7 kbar (corresponding to depths of ~3.3-22
km). Oxygen fugacity was shifted about the quartz-fayalite-magnetite (QFM) buffer within
±1 log unit.
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In general, the calculated liquidus melt assemblage compositions for olivine (Fo)

and clinopyroxene (Mg#) show little sensitivity to variations in pressure, but are
controlled largely by the Mg/Fe ratio of the assumed parent magmas. Oxygen fugacity
exerts a small effect on calculated Fo and the clinopyroxene Mg#, with higher fO2 (more
Fe3+) raising the equilibrium Fo and Mg#, whereas lower fO2 (less Fe3+) lowers the
equilibrium Fo and Mg#. In contrast, pressure exerts a significant control on plagioclase
An content, with higher pressures corresponding to lower An contents in equilibrium
plagioclase. Thus, in all of the calculations reported below, Mg/Fe ratios of the assumed
parent magmas exerted a strong primary control on which basalts provided a potential
match, whereas pressure variations allowed the equilibrium plagioclase composition to
match the observed xenolith plagioclase.
The goal of the forward modeling was to test if the xenolith suites could have
crystallized from a typical SRP lava under conditions expected of a mid-to-lower crustal
sill complex. If the modeling supports crystallization from a typical SRP lava under
conditions expected of a mid-to-lower crustal sill complex, the hypothesis that the
xenoliths originated from within a mid-to-lower crustal sill complex will be supported.
Sid Butte liquidus melt assemblage.
Whole rock major element chemistry of sample 99SRP-358 (Table 6), from Sid
Butte, Idaho, was used in the forward modeling. Using Danyushevsky’s (2001) model,
calculated mineral phase compositions from the modeling were similar to those collected
from EMP analysis of mineral phases in the Sid Butte xenoliths. A pressure of 1 kbar
(corresponding to a depth of ~3.3 km) and an unshifted QFM buffer were used as
constraints on the model. Olivine composition was calculated to be Fo72, which is similar
to the average olivine composition for all Sid Butte xenoliths of Fo73. Plagioclase
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Table 6
Major Element Composition of Whole Rock Samples and Typical SRP Lavas
SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5
99SRP46.34 3.35 13.71 15.07 0.22 5.97 10.07 2.68 0.72 1.22
358
KA1B3536 46.30 3.43 11.20 18.40 0.33 3.40
7.89 2.75 1.77 2.21
Typical
45.2- 11.5- 4.9SROT
48
16
9.5
Typical
44.37.8- 0.5COM
62.9
16.7
5.6
Note. Major element composition of 99SRP-358, KA1B3536, typical Snake River
Plain Olivine Tholeiite (SROT) and typical Craters of the Moon (COM) type lava.

!
composition was calculated to be An67, which is similar to the average plagioclase
composition for all Sid Butte xenoliths of An66. Clinopyroxene Mg# was calculated to be
72. This is similar to the average clinopyroxene Mg# calculated for all analyses of the
Sid Butte xenoliths of 69. The calculated crystallization temperatures for olivine,
plagioclase, and clinopyroxene were 1145, 1177, and 1130° C, respectively.
The similarities in the calculated phase compositions from modeling and the
measured phase compositions from phase analysis indicate that parent melt major
element composition of the Sid Butte xenoliths was similar to that of 99SRP-358. An
important quality of 99SRP-358 is the high Mg/Fe ratio. This is what largely controls
olivine and clinopyroxene composition. The high Mg/Fe ratio indicates that 99SRP-358 is
primitive SROT (Table 6) (Kuntz et al., 1985; Kuntz, 1992; Putirka et al., 2009). This
supports the hypothesis that the Sid Butte xenoliths originated from within a mid-to-lower
crustal sill complex since most flow basalts in the SRP are SROTs (Kuntz et al., 1986,
2007; Putirka et al., 2009). However, other parameters used in the forward modeling do
not agree this origin.
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The pressure used in the forward modeling (1 kbar, corresponding to a depth of

~3.3 km) to produce mineral phases was lower than what would be expected for crystals
originating within a mid-to-lower crustal sill complex (~3-12 kbar corresponding to a
depth of ~10-40 km) (Braile et al., 1982; Sparlin et al., 1982; Peng & Humphreys, 1998;
DeNosaquo et al., 2009). The low pressure does not support the hypothesis that the Sid
Butte xenoliths originated within a mid-to-lower crustal sill complex. Instead, the low
pressure indicates a shallower origin of depth, possibly a shallow, subvolcanic magma
chamber.
Kimama liquidus melt assemblage.
Calculations of equilibrium mineral phase compositions used whole rock major
element chemistry of samples from the Kimama drill core. A range of samples was
tested to find those with Mg-Fe contents that would crystallize mafic phases matching
the xenoliths. After which, pressure was varied to find a crystallization depth where these
magmas would crystallize plagioclase similar in composition to that in the xenoliths.
KA1B3536 from the Kimama drill core provided the best fits. Calculated results
are similar to the mineral phase compositions collected from EMP analysis of the
Kimama xenoliths. Constraints on the model included a pressure of 6.7 kbar
(corresponding to a depth of ~22 km) and a QFM shifted -1 log units. Putirka’s (2005)
model calculated the olivine composition to be Fo59. This is similar to the average olivine
composition for all Kimama xenoliths of Fo57. Langmuir et al.’s (1992) model, calculated
the plagioclase composition to be An62. This similar to the average plagioclase
composition of all Kimama xenoliths of An59. Nielsen’s (1985) model calculated the
clinopyroxene Mg# to be 63, which is identical to the average clinopyroxene Mg#
calculated of all analyses of the Kimama xenoliths. The calculated crystallization
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temperatures for olivine, plagioclase, and clinopyroxene were 1103, 1099, and 1157° C,
respectively.
The similarity in the modeled phase composition and the measured phase
composition from EMP analysis indicates that the parent melt major element
composition of the Kimama xenoliths was similar to that of KA1B3536. The low Mg/Fe
ratio is necessary for formation of the measured olivine and clinopyroxene composition.
The low Mg/Fe ratio also indicates that KA1B3536 is an evolved COM-type lava (Table
6) (Kuntz et al., 1985; Kuntz, 1992; Putirka et al., 2009). Although COM-type lavas
compose less than 20% of the eastern SRP, they are typical of the SRP (Kuntz et al.,
1986, 2007; Putirka et al., 2009). This supports the hypothesis that the Kimama
xenoliths originated within a mid-to-lower crustal sill complex.
The pressure used in the forward modeling (6.7 kbar, corresponding to a depth of
~22 km) was similar to the pressure corresponding to a mid-to-lower crustal sill complex
(~3-12 kbar, corresponding to a depth of ~10-40 km). The pressure used in the model
matches the range of pressures expected for a mid-to-lower crustal sill complex. The
pressure of 6.7 kbar supports the hypothesis that the Kimama xenoliths originated within
a mid-to-lower crustal sill complex.
Petrologic Modeling of Kimama Plagioclase Flotation
The velocity that a sphere rises or falls through a viscous medium is described by
Stoke’s law, defined as:
!=

2 ! !! − ! !!
!!!! !
9
!

Where V is the velocity of the sphere (negative velocity is upwards, positive velocity is
downwards), ρp is the density of the sphere, ρf is the density of the surrounding fluid, µ is
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the viscosity of the fluid, g is gravitational acceleration, and R is the radius of the sphere
(McBirney, 1993, p. 134). This equation can be used to calculate the velocity at which a
plagioclase crystal rises or sinks through a magma chamber. Petrologic modeling
provided the estimates of the melt density and viscosity used in this equation.
Estimates of the density and viscosity of the parent melt used the whole rock
major element compositional data of KA1B3536 as a proxy for the major element
composition of the xenolith parent melt. Potential parent melt composition was assumed
and phase composition, and melt density, were calculated through cooling of the magma
chamber using fractional crystallization in the petrologic modeling software Petrolog ®
(Danyushevsky & Plechov, 2011). Pressure was set at 6.7 kbar. The model parameters
used a QFM buffer shifted -1 log units and a pressure of 6.7 kbar to match the
parameters used in the Kimama liquidus melt assemblage modeling.
Langmuir et al.’s (1992) model calculated a plagioclase composition of An = 61.
Putirka’s (2005) model calculated an olivine composition of Fo = 58 and Nielsen’s (1985)
model calculated a clinopyroxene Mg# of 63. These calculated phase compositions are
similar to those measured by EMP analysis (Table 2). These models also calculated a
range of melt densities from 2.81 to 2.82 g/cm3 and a range of melt viscosities from 935
to 2592 Poise (P) (Bottinga & Weill, 1972; Lange & Carmichael, 1987).
However, the viscosity calculated through modeling ignores that there are likely
other crystals in suspension in the magma. The amount of crystals suspended in the
magma is directly proportional to the effective viscosity of the magma; the more
suspended crystals, the higher the effective viscosity. The effective viscosity of the
magma can be approximated using the equation:
!!"" = ! !! 1 − 1.7!
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Where µeff is the effective viscosity and ϕ is the volume fraction of crystals (McBirney,
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1993, p. 43).
A wide range of values for the volume fraction of crystals was used to cover all
possible reasonable scenarios, from 0% suspended crystals to 50% suspended crystals
by volume. Using ϕ values from 0.0 to 0.5, and µ0 values from 935 to 2592 P, the range
of effective viscosities was calculated to be 935 to 297,390 P. The viscosity of a typical
anhydrous basalt at 1 atm with 0% crystal fraction is ~3980 P (Hess, 1989) which is in
the range of this thesis’ viscosity estimates. Many variables control the viscosity of a
magma, including composition, temperature, pressure, crystal/bubble fraction, H20
content, F content and CO2 content. Therefore viscosities of magmas range significantly
(Robert, 2015). The wideness of the range of calculated effective viscosities is due to the
attempt to be all inclusive in the estimates of ϕ (suspended crystals). Using this range of
effective viscosities, a range of ρf of 2.81 to 2.82 g/cm3, g = 980 cm/s2, ρp = 2.7 g/cm3
(An59 plagioclase density, from Deer, Howie, & Zussman, 1992), and R = 0.75 cm
(smallest of Kimama xenoliths), in Stoke’s law, a maximum velocity of 57.6 cm/hr and a
minimum velocity of 0.16 cm/hr were calculated. These correspond to maximum and
minimum velocities of 5046 and 14 m/year. This is a first order approximation, but even if
the plagioclase crystals were traveling at the minimum calculated velocity, they probably
moved a significant distance chamber (on the order of cm to m) within the magma. The
large size of the crystals indicates that crystals formed over a long period of time. At the
minimum velocity, the crystals move distances on the order of cm within a single day.
Petrologic Modeling of Xenolith Parent Magmas – Trace Element Compositions
Equilibrium parent melt trace element compositions were calculated for each
phase in each xenolith using published partition coefficients (Tables B1 and B2). The
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relationship between mineral phase trace element concentrations and parent melt
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concentrations is given by the relationship:
Cmelt = Cmineral/Dmineral/melt
Where Dmineral/melt is the mineral-melt partition coefficient (determined experimentally),
Cmineral is the concentration in the mineral phase, and Cmelt is the concentration in the
parent melt (Rollinson, 1993). For highly incompatible elements, the value of D is very
small; therefore, slight variations in D may result in large variations in Cmelt. This, along
with low concentrations that are difficult to measure, provides a challenge when working
with incompatible elements such as the REEs. Another challenge regarding working with
partition coefficients is that they are temperature dependent. However, since magmas of
the same composition will typically crystallize at the same temperature, the temperature
dependence of partition coefficients is negligible if the partition coefficients used were
calculated using appropriate magma composition. Therefore, the partition coefficients
selected were calculated from basaltic melts when available, and basaltic-andesites
when not available. There is a wide range of published partition coefficients referring to
the same trace element and the same mineral. This demonstrates the large amount of
uncertainties in calculating partition coefficients between different sources. To address
this, this thesis maintained using the same partition coefficient for each trace element in
each mineral phase in each xenolith suite (i.e. the same partition coefficient was used for
calculating the concentration of La from plagioclase in both the Kimama and Sid Butte
xenoliths) (Appendix B).
Since all of the phases in a given xenolith formed from the same parent magma,
the calculated equilibrium parent melt for all phases in that xenolith should be essentially
the same, within the analytical uncertainty of the analyses and the experimental
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uncertainty in the determination of D. Some late-forming phases may reflect later, post
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cumulus enrichment of the interstitial melt (e.g., amphibole), but those differences will be
systematically related to the primary parent melt.
La, Ce, Pr, Nd, Sm, Eu, Sr, Rb, Ba, K, Ti, Li, and Y are the only elements used
for plagioclase equilibrium melt compositions because plagioclase is always enriched in
the light REE, Eu, and Sr relative to the heavy REE (which are often below detection
limits). In contrast, LREE-depleted compositions characterize olivine, and only the heavy
REE (Gd, Tb, Dy, Ho, Er, Yb, and Lu) and other trace elements (Li, Rb, Pb, Ti, Zr, Th,
and Nb) are used for olivine equilibrium melt compositions. Clinopyroxene and
hornblende have relatively high concentrations of most incompatible trace elements, so
all REEs, along with other trace elements (Sr, Rb, Ba, K, Pb, Ti, Y, Li, Hf, Zr, U, Nb, Ta,
and Th) were used in the equilibrium melt compositions.
Sid Butte equilibrium melt trace element composition.
Using published partition coefficient values (Table B1), the trace element
composition of the equilibrium melt was calculated using data from LA-ICP-MS analyses
of mineral phases found in the Sid Butte xenoliths. The calculated equilibrium melt trace
element concentrations are similar to the trace element concentrations of sample
99SRP-358 (the same sample used as a proxy for major element composition of the
parent melt in the previously described Petrolog ® forward modeling).
The equilibrium melt compositions for some of the LREEs (La, Ce, Pr, Sm, and
Eu) and other trace elements (Sr, Rb, Ba, K, Sr, Ti, and Y) were calculated from
plagioclase compositional data. LREE concentrations from plagioclase plot lower than
those of 99SRP-358 (Figure 7), but overall the trace element compositions are similar
(Figure 8, Table 3). Equilibrium melt compositions for some of the HREEs (Dy, Er, Yb,
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and Lu) and Li were calculated from olivine compositional data. The HREE
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concentrations plot on a slight negative trend (Figure 7) but are similar, as are the other
trace element concentrations, to those of 99SRP-358 (Figure 8, Table 3). Equilibrium
melt trace composition (all the REEs, Sr, Rb, Ba, Zr, Hf, Ti, and Y) was calculated from
clinopyroxene compositional data. The calculated LREE concentrations from the
clinopyroxene data plotted above 99SRP-358s (Figure 7). The concentrations of the
other trace elements were similar to those of 99SRP-358 (Figure 8, Table 3).
The enrichment of LREEs in the equilibrium melt calculated from clinopyroxene
data, as compared to that of plagioclase data, can be explained by the crystallization
history of the Sid Butte xenoliths. The Sid Butte xenoliths have a mesocumulate texture
with clinopyroxene and olivine crystals found in the interstices of larger, more euhedral
plagioclase laths (Figure 3). This shows that plagioclase crystallized first, followed by
olivine and clinopyroxene. Therefore, the clinopyroxene and olivine phases likely
crystallized from the interstitial melt between the plagioclase laths. The interstitial melt
would have been enriched in REE and other trace elements from plagioclase
crystallization from that melt. Olivine has low concentrations of the LREEs, so the
enrichment pattern is not seen in the melt composition calculated from olivine data. The
differences in the calculated parent melts from each mineral phase are systematically
related to the crystallization history of the xenoliths.
The similarity in the calculated parent melt trace element composition to the trace
element composition of 99SRP-358 shows that the Sid Butte xenoliths’ parent melt trace
element composition was typical of a SRP lava. The calculated parent melt trace
element composition supports the hypothesis that the Sid Butte xenoliths originated in a
mid-to-lower crustal sill complex.!!
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Figure 7. Sid Butte parent REE composition. For top left and right and bottom left,
SB15DJ1 is shown in light blue, SB15DJ2 is shown in dark blue, SB15DJ4 is shown in
black and 99SRP-358 whole rock REE data is shown in red. Top left: Plagioclase, with
enrichment in Eu. Top right: Olivine. Bottom left: Clinopyroxene. Bottom right: Average of
all analyses for each mineral phase for Sid Butte xenoliths (plagioclase is shown in light
blue, olivine is shown in black and clinopyroxene is shown in dark blue).
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Figure 8. Sid Butte parent melt trace element composition. Values calculated from
published partition coefficients normalized to chondrite values. For top left and right and
bottom left, SB15DJ1 is shown in light blue, SB15DJ2 is shown in dark blue, SB15DJ4 is
shown in black and 99SRP-358 whole rock REE data is shown in red Top left:
Plagioclase. Top right: Olivine. Bottom left: Clinopyroxene. Bottom right: Average of all
analyses for each mineral phase for Sid Butte xenoliths and whole rock data from
99SRP-358 (plagioclase shown in light blue, olivine shown in black, clinopyroxene
shown in dark blue and 99SRP-358 shown in red).

Kimama equilibrium melt trace element composition.
Published partition coefficient values (Table B2) were used to calculate the trace
element composition of the equilibrium melt using REE data from LA-ICP-MS analysis of
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mineral phases found in the Kimama xenoliths. Plagioclase composition was used to
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calculate the concentration of the LREEs (La, Ce, Pr, Nd, Sm, and Eu) and other trace
elements (Sr, Rb, Ba, K, Sr, Ti, Li, and Y) in the equilibrium parent melt (Figures 9-12,
Table 4). Olivine composition was used to calculate the concentration of the HREE (Gd,
Tb, Dy, Er, Yb, and Lu) and other trace elements (Rb, Ba, Pb, Ti, Y, Li, Zr, Th, and Nb)
in the equilibrium parent melt (Figures 9-12, Table 4). Clinopyroxene and amphibole
composition were used to calculate the concentration of all the REEs and other trace
elements (Sr, Rb, Ba, K, Pb, Ti, Y, Li, Hf, Zr, Th, U, Nb, and Ta) in the equilibrium melt
(Figures 9-12, Table 4).
The trace element concentrations of core sample KA1B3635 (the same sample
used as a proxy for major element composition of the parent melt in the Petrolog®
forward modeling) closely matches the trace element concentrations calculated from the
mineral phases (Figures 9-12, Table 4). It is likely that the parent melt of the Kimama
xenoliths had a major and trace element composition similar to that of KA1B3536.
Enriched LREEs in clinopyroxene and amphibole plot above concentrations of
the LREEs calculated from other phases and the LREE concentrations of KA1B3536.
The enrichment in LREEs indicates that the clinopyroxene, amphibole, and possibly
olivine, crystallized from a more evolved, enriched melt than the plagioclase. The
clinopyroxene, amphibole, and olivine are much smaller in size, and are found along
grain boundaries and interstices of plagioclase crystals. This indicates that the
plagioclase crystals formed first. If these phases formed after the plagioclase, they likely
crystallized from an enriched melt that was interstitial between the plagioclase crystals.
Melt was trapped interstitially between the plagioclase crystals, and further plagioclase
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Figure 9. Kimama parent melt REE composition. Showing in blue
(KX3700.2), light blue (KX3672.7), black (KX3686.1) and REE whole rock data
(red circles) from core sample KA1B3536. Top left: Plagioclase. Top right:
Olivine. Bottom left: Clinopyroxene, with enrichment of LREE. Bottom right:
Amphibole, with enrichment of LREE.
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Figure 10. Average Kimama REE melt composition and
KA1B3536 whole rock composition. Shown in light blue,
(plagioclase), black (olivine), blue (clinopyroxene), green
(amphibole) and red (KA1B3536).
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Figure 11. Kimama parent melt trace element composition. Values calculated
from published partition coefficients normalized to chondrite values. Top left:
Plagioclase. Top right: Olivine. Bottom left: Clinopyroxene. Bottom right:
Amphibole. Showing in blue (KX3700.2), light blue (KX3672.7), black (KX3686.1)
and REE whole rock data (red circles) from core sample KA1B3536.
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Figure 12. Average Kimama trace element
melt composition and KA1B3536 whole rock
composition. Shown in light blue, (plagioclase),
black (olivine), blue (clinopyroxene), green
(amphibole) and red (KA1B3536).!

crystallization enriched this interstitial melt. Clinopyroxene, amphibole and olivine then
crystallized from this enriched interstitial melt. The differences in the calculated parent
melts from each mineral phase are systematically related to the crystallization history of
the xenoliths.
The similarity of the calculated parent melt trace element composition to the trace
element composition of KA1B3536 shows that the Kimama xenoliths’ parent melt trace
element composition was typical of a SRP lava. The calculated parent melt trace
element composition supports the hypothesis that the Kimama xenoliths originated in a
mid-to-lower crustal sill complex.
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Petrogenesis of the Xenolith Suites
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Although both the Kimama and Sid Butte xenoliths had similar mineral
assemblages, the major and trace element composition of the mineral phases of the
xenolith suites were quite different. The modeling results and the textural differences of
the xenolith suites indicate a difference in petrogenesis of the Sid Butte xenoliths and the
Kimama xenoliths.
Sid Butte xenoliths.
Some results from forward modeling support the hypothesis that the Sid Butte
xenoliths originated from within a mid-to-lower crustal sill complex. The calculated and
modeled major and trace element compositions of the parent melt are similar to typical
SRP flow basalts, which supports the hypothesis that the Sid Butte xenoliths originated
in a mid-to-lower crustal sill complex. However, other results, such as parameters used
in forward modeling, and petrographic textures indicate a shallower crystallization depth
than suggested in the hypothesis.
The composition of the parent melt of the Sid Butte xenoliths is similar to typical
SRP flow basalt. Most parent magmas of SRP basalts evolve to typical SRP basalt
composition in mid-to-lower crustal sill complexes (Shervais et al., 2006; Potter, 2014).
Therefore, the xenoliths could not have originated in the mantle, the layer of partial melt
or the lower crust, as these are stratigraphically below the mid-to-lower crustal sill
complexes. According to the current crustal architectural model of the SRP, the
remaining possible locations that the Sid Butte xenoliths could have originated at are the
mid-to-lower crustal sill complexes, the upper or lower crust, the layer of Paleozoic
sediments, and the surficial flow basalts. The mesocumulate texture of the Sid Butte
xenoliths leaves only one viable option from the current crustal model; the mid-to-lower
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crustal sill complexes. However, the presence of interstitial vesicles and the pressure
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parameters use in modeling and petrographic textures indicate that the xenoliths did not
originate in a mid-to-lower crustal sill complex.
In the forward modeling, a pressure of 1 kbar (corresponding to a depth of ~3.3
km) was necessary for calculation of phase compositions similar to those measured from
EMP analysis. A depth of 3.3 is much shallower than what would be expected for
xenoliths originating in a mid-to-lower crustal sill complex (10-40 km). In addition, the Sid
Butte xenoliths are composed of about 15-20% vesicles. At higher pressures, magmatic
volatiles are present only in solution. Volatiles tend to exsolve at lower pressures
associated with shallow magma chambers (Huppert & Woods, 2002). Both of these lines
of evidence indicate that the Sid Butte xenoliths did not originate within a mid-to-lower
crustal sill complex, but at a shallower depth.
Calculated and modeled parent melt composition of the Sid Butte xenoliths agree
with the xenoliths originating from flow basalts in the top ~2 km of the SRP. However,
the cumulate textures and large crystal size (indicating long residence times), deeper
calculated depth (~3.3 vs. <2 km) and the mineral phase assemblage (primarily the
presence of clinopyroxene in the xenoliths) disagree with flow basalt origin of the Sid
Butte xenoliths.
The Sid Butte xenoliths likely originated in a shallow (~3-4 km deep) subvolcanic
magma chamber (Figure 13). Magmas found within a shallow subvolcanic magma
chamber in the SRP would likely be derived from the mid-crustal sill complex, and the
shallow magma chamber would be the last step before magma eruption. Therefore, the
magmas in the shallow subvolcanic magma chamber would likely be similar in major and
trace element composition to typical SRP lavas. The estimated major and trace element
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Figure 13. Schematic cross section of new crustal architectural model. Subsurface of the
Snake River Plain showing interconnected complex layering of the mid-crustal sill
complex, the shallow sub-volcanic magma chambers and surficial flow basalts. Not to
scale. Modified from “Layered mafic sill complex beneath the eastern Snake River Plain:
Evidence from cyclic variations in basalt,” by J. W. Shervais, S. K. Vetter, and B. B.
Hanan, 2006, Geology, 34, p. 366. Copyright 2006 by the Geological Society of America.

composition of the Sid Butte xenoliths’ parent melt was similar in composition to typical
SRP lavas. In fact, the whole rock sample used for modeling (99SRP-358) was sampled
from Sid Butte, where the xenoliths were collected.The similar composition of the
estimated xenolith parent melt and the whole rock composition of basalts found at Sid
Butte supports the claim that the xenoliths crystallized in a shallow subvolcanic magma
chamber that was the “last stop” for magmas prior to eruption. The pressure used in the
forward modeling (1 kbar) and the vesicular texture of the xenoliths agree with this
interpretation.
The Sid Butte xenoliths exhibit intergranular mesocumulate texture. This texture
indicates that the plagioclase crystals formed in situ on the margins of the magma
chamber (McBirney & Noyes, 1979; Irvine,1970). As the plagioclase crystals grew in
situ, interstitial liquid had little exchange with the rest of the magma chamber (Wager
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& Brown, 1967). The trapped liquid then crystallized to form the interstitial olivine and
clinopyroxene in the xenoliths. Volatiles were also trapped as vesicles in the interstices.
The euhedral to subhedral shape of the plagioclase crystals, the anhedral shape of the
olivine and clinopyroxene crystals, and the appearance that olivine and clinopyroxene
grew around the plagioclase further indicates that plagioclase crystallized first and the
olivine and clinopyroxene formed after plagioclase from the interstitial melt (Figure 3).
The hypothesis that the Sid Butte xenoliths originated in the mid-to-lower crustal sill
complex is null. The presence of interstitial vesicles and the pressure parameters use in
modeling and petrographic textures do not support this hypothesis. The Sid Butte
xenoliths are likely a crustal cumulate originating from shallow subvolcanic magma
chambers.
Kimama xenoliths.
According to the current crustal architectural model, the COM-type parent
magma composition only leaves two possible sources for the xenoliths; a mid-to-lower
crustal sill complex and the surficial flow basalts. The modeled crystallization depth, the
phaneritic texture of the xenoliths, and the presence of clinopyroxene in the xenoliths
rule out the surficial basalt flows as a possible source of the xenoliths (Braile et al., 1982;
Sparlin et al., 1982; Peng & Humphreys, 1998; DeNosaquo et al., 2009). The Kimama
xenoliths originated in a mid-to-lower crustal sill complex.
The parent melt of the Kimama xenoliths is likely of mantle origin, as indicated by
the oxygen isotope values (Mattey et al., 1994) (Table 5). The picritic melt ascended to a
mid-to-lower crustal sill complex where it was neutrally buoyant with the surrounding
host rock. The magma remained in the mid-to-lower crustal sill complex and evolved.
The magma evolved through fractionation plagioclase flotation and crystallization of
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olivine, clinopyroxene, and ilmenite. The parent magma went through extensive
fractionation from a primitive picritic magma to an evolved COM-type magma (Kuntz et
al., 1985; Kuntz, 1992; Putirka et al., 2009).
The extensive amount of fractionation, along with the large size of the crystals
supports the hypothesis that the parent magma was stored in the magma chamber for a
period of time. Since the magma resided in a mid-to-lower crustal sill complex for a
period of time, it is reasonable to say that the magma may have assimilated host rock
during that time. However, since the oxygen isotopic composition of the xenoliths
indicates mantle origin, the assimilant would have to be isotopically similar or minor in
volume. The host rock was not the granulitic basement rock of the mid-crust, but
probably previously intruded mantle derived cumulate rocks of ferrogabbroic composition
(Shervais et al., 2006).
The large plagioclase crystals in the xenoliths crystallized first. The unzoned
nature and large size of the plagioclase crystals agree with the statement that the
xenoliths crystallized within a mid-to-lower crustal sill complex since large, unzoned
cumulate crystals are typical of LMIs (Wager & Brown, 1967). The fact that olivine,
clinopyroxene, amphibole, and ilmenite crystals are found along the margins and in
between plagioclase crystals indicate that the plagioclase crystallized first. The REE
patterns of the different phases (see above), indicate that the plagioclase crystallized
first and that the other mineral phases crystallized from a melt that was interstitial to the
plagioclase crystals and enriched from plagioclase crystallization from that melt. Once
crystallized, the xenoliths were likely positively buoyant in the melt (as shown through
density modeling). The xenoliths likely floated upward through the magma chamber.
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The xenoliths crystallized in a reducing environment. The positive Eu anomaly in
the plagioclase, along with the necessary shift in QFM by -1 log units, support that the
xenoliths crystallized in a reducing environment. In oxidizing environments Eu is present
as Eu3+, while in reducing environments Eu is present as Eu2+. Eu2+ will substitute for
Ca2+ in the plagioclase lattice, causing a positive Eu anomaly.
Once the magma achieved positive buoyancy, it ascended upwards through
“armored” conduits in the upper crust and was eventually erupted at the surface
(Shervais et al., 2006; Putirka et al., 2009). The xenoliths probably stayed in the original
magma chamber and were ripped up and brought to the surface by a later magma
batch. The xenoliths’ are not in equilibrium with their SROT host rock (as indicated by
the modeled COM-type parent magma from Petrolog© modeling), supporting that a later
magma batch ripped up the xenoliths.
The hypothesis that the Kimama xenoliths originated in a mid-to-lower crustal sill
complex is likely true. Major and trace element data, isotopic composition, modeling
parameters and petrographic textures all support the hypothesis.
Crustal Architecture of the SRP Basalt Volcanic-Plutonic Complex
As previously stated, the surface of the SRP is dominantly flow basalts that
extend to a depth of about 2 km. Small shield volcanoes and cinder cones are also
exposed at the surface (Leeman, 1982a; Hildreth et al., 1991; Shervais et al., 2006).
Underlying the basalts are 2-4 km of rhyolite ignimbrites and intrusive rhyolite in shallow
magma chambers. These sit on top of up to 3 km of Paleozoic sediments, a granitic
upper crust (~5-20 km deep) and a granulitic lower crust (~20-40 km deep). In the lower
crust, there may be layered mafic sill complexes similar to the one imaged by Huang et
al., 2015 beneath Yellowstone. At the base of the upper crust the mid-crustal sill
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complex extends from ~10-20 km in depth. At the base of the lower crust, there is a layer
of partial melt and an under-plated layer of mafic crust (Peng & Humphreys, 1998;
DeNosaquo et al, 2009). Connecting the mid-to-lower crustal sill complexes to each
other and the surface are conduits that are “armored” with previously intruded basaltic
material. While previous models have magmas ascending from the mid-crustal sill
complex to eruption at the surface with no intermediate storage, this thesis includes
shallow subvolcanic magma chambers in the crustal architectural model (Figure 13).
Shallow subvolcanic magma chambers underlay the SRP a few km deep,
possibly at the base of the flow basalts or at the base of the Paleozoic sediments.
These are the logical locations for magma chambers since density contrasts often act as
barriers to the movement of magma (Shaw, 1980; Stolper & Walker, 1980;
Gudmundsson, 1986; Kuntz, 1992; Yang et al., 1999; Putirka et al., 2003). The modeling
results place the Sid Butte subvolcanic magma chamber at ~3.3 below the surface. This
depth is intermediate between the sediment-basalt boundary (~2 km) and the granitic
upper crust-sediment boundary (~5 km).
This crustal model is very similar to previous models; however, the presence of
shallow, subvolcanic magma chambers may be important in understanding the evolution
of basalts within the SRP.
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Chapter V
Conclusions
The hypothesis that the xenoliths originated from within a mid-to-lower crustal sill
complex is confirmed for the Kimama xenoliths and evidence for an alternative origin
was given for the Sid Butte xenoliths. The vesicular texture and calculated crystallization
depth provide enough evidence to say with confidence that the Sid Butte xenoliths did
not crystallize from within a mid-to-lower crustal sill complex. Instead, this thesis
proposes a new crustal feature of shallow subvolcanic magma chambers ~3 km below
the surface of the SRP as the origin of the Sid Butte xenoliths.
Subvolcanic magma chambers may play an important role in the evolution of
basalt within the SRP. The Sid Butte xenoliths show that the parent magma was stored
in the subvolcanic magma chamber long enough for large crystals of plagioclase,
clinopyroxene, and olivine to grow and form cumulate textures. The formation of large
crystals and the presence of mesocumulate textures indicate that fractionation is
occurring in these magma chambers. The magma is stored for long enough for large
crystals and cumulate textures to form and it is not unlikely that the magma has time to
assimilate some of the host rock (likely other SRP flow basalts). Since fractionation and
assimilation are very important processes in the evolution of magmas, shallow
subvolcanic magma chamber may play in important role in the evolution of SRP basalts.
Investigation of the Kimama xenoliths also provides insights on the processes SRP
basalts evolve.
The phase composition of the Kimama xenoliths show that the parent melt was
likely of evolved COM composition. Putirka et al. (2009) states crustal assimilation is
necessary for the production of COM-type magmas in the SRP. The Kimama xenoliths
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have δ18O values typical of mantle derived magmas (Mattey et al., 1994) so it is unlikely
that the parent melt assimilated enough crustal material to shift the composition from
SROT to COM. Instead, the isotopic evidence suggests that the parent melt evolved
through fractionation within the mid-to-lower crustal sill complex until it was COM in
composition. This agrees with Leeman’s (1982b) model that COM-type lavas evolved
primarily through crystal fractionation.
The presence of COM-type magmas within a mid-to-lower crustal sill complex
and the cumulate texture of the xenoliths support Shervais et al.’s (2006) claim that midto-lower crustal sill complexes are important in the evolution of magmas within the SRP.
These indicate that magmas were stored within a mid-to-lower crustal sill complex for
considerable periods of time and that fractionation and likely other evolutionary
processes occurred within sill complex (Wager & Brown, 1967). The oxygen isotope
composition of the xenoliths also agrees with Shervais et al.’s (2006) model of SRP
crustal sill complexes acting as reactive filters. Shervais et al. (2006) stated that stored
magmas within a crustal sill complex would assimilate previously intruded magmas. This
assimilation affected any magma traversing the crustal sill complex and forced the
crystallization of the equilibrium phase assemblage. The xenoliths’ oxygen isotope
composition is consistent with a mantle derived melt, as would be expected from a
magma that assimilated previously intruded mantle-derived rocks.
By documenting the geochemistry of xenoliths from a mid-to-lower crustal sill
complex, this thesis offers the first direct glimpse at the composition and mechanisms
that operated within the mid-to-lower crustal sill complex. This thesis also provides a
new crustal architectural model of the SRP including previously undocumented shallow
subvolcanic magma chambers. Additional work in quantifying the radioactive isotopic
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composition of Kimama xenoliths could provide an age estimate for the crystallization of
the xenoliths and better constraints on the amount of crustal material the xenoliths’
parent magma assimilated.
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Appendix A
Major Element Composition Summary

Table A1
Sid Butte Plagioclase Major Element Composition
Analysis SB15DJ1
SB15DJ2
SB15DJ4
Average
Oxide Wt%
Na2O
4.03
3.74
3.87
3.88
MgO
Al2O3
30.09
30.33 30.05
30.14
SiO2
51.23
50.56 50.84
50.88
K2O
0.22
0.17
0.20
0.20
CaO
13.45
14.08 13.83
13.78
TiO2
0.09
0.09
MnO
FeO
0.56
0.61
0.78
0.66
Total
99.58
99.50 99.66
99.64
Cation #
Na
0.36
0.33
0.34
0.35
Mg
Al
1.63
1.64
1.63
1.63
Si
2.35
2.32
2.33
2.34
K
0.01
0.01
0.01
0.01
Ca
0.66
0.69
0.68
0.68
Ti
Mn
Fe
0.02
0.02
0.03
0.03
Total
5.02
5.03
5.02
5.03
Phase
Comp
Ab
34.67
32.14 33.24
33.38
Or
1.23
0.99
1.10
1.11
An
64.11
66.87 65.66
65.51
Note. Average plagioclase composition from electron microprobe analysis
for each Sid Butte xenolith and for the entire Sid Butte xenolith suite.
Wt%=weight percent; Phase Comp=phase composition.
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Table A2
Kimama Plagioclase Major Element Composition
Analysis KX3672.7 KX3686.1 KX3700.2 Average
Oxide
Wt%
Na2O
4.45
4.60
4.50
4.50
MgO
Al2O3
29.82
29.38
29.38
29.52
SiO2
52.81
52.28
52.28
52.35
K2O
0.34
0.31
0.43
0.37
CaO
12.70
12.45
12.48
12.55
TiO2
0.08
0.08
MnO
0.02
0.02
FeO
0.56
0.57
0.57
0.56
Total
100.67
99.69
99.63
99.96
Cation
#
Na
0.39
0.40
0.40
0.40
Mg
Al
1.59
1.59
1.59
1.59
Si
2.39
2.38
2.39
2.39
K
0.02
0.02
0.02
0.02
Ca
0.62
0.61
0.61
0.61
Ti
0.00
Mn
0.00
Fe
0.02
0.02
0.02
0.02
Total
5.02
5.03
5.03
5.03
Phase
Comp
Ab
38.07
39.37
38.59
38.55
Or
1.90
1.72
2.40
2.11
An
60.03
58.91
59.00
59.35
Note. Average plagioclase from electron microprobe analysis for
each xenolith and for entire Kimama xenolith suite. Wt%=weight
percent; Phase Comp=phase composition.
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Table A3
Sid Butte Olivine Major Element Composition
Analysis SB15DJ1
SB15DJ2
Oxide Wt%

Cation #

Phase Comp

SB15DJ4

Sid Butte
Avg

Na2O
MgO
Al2O3
SiO2
CaO
TiO2
MnO
FeO
Cr2O3
NiO
Total

34.64
0.05
36.99
0.27
0.07
0.39
27.40
0.14
99.94

38.07
0.06
37.45
0.18
0.13
0.32
22.73
0.15
99.08

36.91
0.04
37.21
0.21
0.05
0.36
24.28
0.11
99.17

37.06
0.05
37.29
0.21
0.10
0.35
24.09
0.14
99.28

Na
Mg
Al
Si
Ca
Ti
Mn
Fe
Cr
Ni
Total

1.38
0.00
0.99
0.01
0.00
0.01
0.61
0.00
3.01

1.50
0.00
0.99
0.01
0.00
0.01
0.50
0.00
3.01

1.46
0.00
0.99
0.01
0.00
0.01
0.54
0.00
3.01

1.46
0.00
0.99
0.01
0.00
0.01
0.53
0.00
3.01

Fo
69.27
74.91
73.04
73.27
Fa
30.73
25.09
26.96
26.73
Note. Average olivine composition from electron microprobe analysis for
each Sid Butte xenolith and average for all Sid Butte xenoliths. Wt%=weight
percent; Phase Comp=phase composition; Avg=average.
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Table A4
Kimama Olivine Major Element Composition
Analysis KX3672.7
KX3700.2
Kimama Avg
Oxide Wt%
Na2O
0.02
0.02
MgO
27.11
25.91
26.51
Al2O3
0.02
0.04
0.03
SiO2
35.24
34.95
35.09
CaO
0.42
0.26
0.34
TiO2
0.07
0.09
0.08
MnO
0.53
0.60
0.57
FeO
35.90
37.60
36.75
Cr2O3
0.07
0.07
NiO
0.04
0.04
Total
99.38
99.50
99.50
Cation #
Na
0.00
0.00
Mg
1.14
1.14
1.12
Al
0.00
0.00
0.00
Si
0.99
0.99
0.99
Ca
0.01
0.01
0.01
Ti
0.00
0.00
0.00
Mn
0.01
0.01
0.01
Fe
0.85
0.89
0.87
Cr
0.00
0.00
Ni
0.00
0.00
Total
3.01
3.05
3.01
Phase Comp
Fo
57.37
55.12
56.25
Fa
42.63
44.88
43.75
Note. Average olivine composition from electron microprobe
analysis for each Kimama xenolith and average for all Kimama
xenoliths. Wt%=weight percent; Phase Comp=phase composition;
Avg=average.
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Table A5
Clinopyroxene Major Element Composition
KX3672.7 KX3700.2
Oxide Wt%

Cation
Numbers

Phase
Composition

Na2O
MgO
Al2O3
SiO2
CaO
TiO2
MnO
FeO
Cr2O3
Total

0.46
12.05
3.42
47.90
20.33
2.31
0.27
12.13
0.02
98.87

0.56
11.94
2.76
49.26
20.29
1.97
0.31
12.66
0.15
99.90

Na
Mg
Al
Si
Ca
Ti
Mn
Fe
Cr
Total

0.03
0.69
0.15
1.84
0.84
0.07
0.01
0.39
0.00
4.03

0.04
0.68
0.12
1.88
0.83
0.06
0.01
0.40
0.00
4.02

Kimama
Average

SB15DJ4

Sid Butte
Average

0.55
0.35
0.35
11.95
13.45
13.45
2.82
3.27
3.27
49.13
50.40
50.40
20.29
20.00
20.00
2.00
1.72
1.72
0.31
0.27
0.27
12.61
10.63
10.63
0.13 99.80
100.09
100.09
0.04
0.68
0.13
1.87
0.83
0.06
0.01
0.40
0.00 4.02

0.03
0.75
0.14
1.89
0.80
0.05
0.01
0.33

0.03
0.75
0.14
1.89
0.80
0.05
0.01
0.33
-

4.00

4.00

Wo
43.66
43.37
43.40
42.54
42.54
En
36.00
35.51
35.55
39.80
39.80
Fs
20.34
21.12
21.05
17.66
17.66
Note. Average clinopyroxene composition from electron microprobe analysis for
each xenolith and xenolith suite. Wt%=weight percent.
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Table A6
Amphibole Major Element Composition
Analysis KX3686.1 KX3700.2
Oxide
Wt%

Cation
Numbers

Na2O
MgO
Al2O3
SiO2
K2O
CaO
TiO2
MnO
FeO
Cr2O3
Total

1.34
7.35
4.70
39.83
1.64
10.81
6.89
0.45
22.83
95.84

1.00
7.70
2.94
38.61
0.84
11.93
7.11
0.46
25.76
0.05
96.39

Kimama
Average
1.17
7.52
3.82
39.22
1.28
11.37
7.00
0.46
24.29
0.05
96.18

Na
0.42
0.32
0.37
Mg
1.77
1.87
1.82
Al
0.89
0.57
0.73
Si
6.42
6.30
6.36
K
0.34
0.17
0.27
Ca
1.87
2.09
1.98
Ti
0.83
0.87
0.85
Mn
0.06
0.06
0.06
Fe
3.08
3.52
3.29
Cr
0.01
0.01
Total
15.68
15.78
15.74
Note. Average amphibole composition from electron
microprobe analysis for each xenolith and for all Kimama
xenoliths. Wt%=weight percent.
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Appendix B
Partition Coefficient Summary

Table B1
Sid Butte Partition Coefficients
Mineral
Element
Kd
Plagioclase
La
0.065
Plagioclase
Ce
0.049
Plagioclase
Pr
0.049
Plagioclase
Nd
0.04
Plagioclase
Sm
0.044
Plagioclase
Eu
0.156
Plagioclase
Sr
1.5

Rock
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
Synthetic
Basaltic
Andesite
Synthetic
Basaltic
Andesite
Synthetic
Basaltic
Andesite
Basalt
Basalt
Basalt
BasaltAndesite
BasaltAndesite
BasaltAndesite
BasaltAndesite
BasaltAndesite
Basalt

Plagioclase

Rb

0.024

Plagioclase

Ba

0.183

Plagioclase
Plagioclase
Plagioclase
Olivine

K
Ti
Y
Dy

0.245
0.039
0.008
0.014

Olivine

Er

0.026

Olivine

Yb

0.038

Olivine

Lu

0.11

Olivine

Li

0.41

Clinopyroxene

La

0.057

Clinopyroxene

Ce

Clinopyroxene

Pr

Clinopyroxene

Nd

Clinopyroxene

Sm

0.12 Tholeiitic
Basalt
0.089 Tholeiitic
Basalt
0.14 Tholeiitic
Basalt
0.23 Tholeiitic

Source
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Bindeman and Davis,
2000
Bindeman and Davis,
2000
Bindeman and Davis,
2000
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Dunn and Sen, 1994
Dunn and Sen, 1994
Dunn and Sen, 1994
Dunn and Sen, 1994
Dunn and Sen, 1994
Green et al., 2000
Green et al., 2000
Irving and Frey, 1984
Green et al., 2000
Green et al., 2000
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Clinopyroxene

Eu

Clinopyroxene

Gd

Clinopyroxene

Tb

Clinopyroxene

Dy

Clinopyroxene

Ho

Basalt
0.23 Tholeiitic
Basalt
0.27 Tholeiitic
Basalt
0.27 Tholeiitic
Basalt
0.3 Basalt

Green et al., 2000
Green et al., 2000
Green et al., 2000
Irving and Frey, 1984

0.25 Tholeiitic
Green et al., 2000
Basalt
Clinopyroxene
Er
0.24 Tholeiitic
Green et al., 2000
Basalt
Clinopyroxene
Yb
0.22 Tholeiitic
Green et al., 2000
Basalt
Clinopyroxene
Lu
0.18 Tholeiitic
Green et al., 2000
Basalt
Clinopyroxene
Rb
0.1 BasaltDostal et al., 1983
Andesite
Clinopyroxene
Ba
0.298 Tholeiitic
Tanaka and Nishizawa,
Basalt
1975
Clinopyroxene
Ti
0.32 Synthetic
Bennett et al., 2004
Basalt
Clinopyroxene
Hf
0.212 Synthetic
Bennett et al., 2004
Basalt
Clinopyroxene
Sr
0.252 Synthetic
Bennett et al., 2004
Basalt
Clinopyroxene
Zr
0.12 Synthetic
Bennett et al., 2004
Basalt
Clinopyroxene
Y
0.24 Synthetic
Bennett et al., 2004
Basalt
Note. Partition coefficients used to calculate parent melt trace element composition
of the Sid Butte xenoliths. Kd=partition coefficient.
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Table B2
Kimama Partition Coefficients
Mineral
Element
Kd
Rock type
Plagioclase
La
0.065 Basalt
Plagioclase
Ce
0.045 Basalt
Plagioclase
Pr
0.0490 Basalt
Plagioclase
Nd
0.04 Basalt
Plagioclase
Sm
0.044 Basalt
Plagioclase
Eu
0.156 Basalt
Plagioclase
Sr
1.568 Basalt
Plagioclase
Rb
0.093 Basalt
Plagioclase
Ba
0.277 Basalt
Plagioclase
K
0.22 Basalt
Plagioclase
Pb
2.453 Basalt
Plagioclase
Ti
0.039 Basalt
Plagioclase
Li
.367 Basalt
Plagioclase
Y
.008 Basalt
Olivine
Gd
0.002
Olivine
Tb
0.008 BasaltAndesite
Olivine
Dy
0.0140 BasaltAndesite
Olivine
Ho
0.0168
Olivine
Er
0.0260 BasaltAndesite
Olivine
Yb
0.071 BasaltAndesite
Olivine
Lu
0.11 BasaltAndesite
Olivine
Li
0.41 BasaltAndesite
Olivine
Rb
0.0170 BasaltAndesite
Olivine
Pb
0.014 BasaltAndesite
Olivine
Ti
0.015 Basalt
Olivine
Y
0.0125 Basalt
Olivine
Zr
.0047 Tholeiitic
Basalt
Clinopyroxene
La
0.057 Tholeiitic
Basalt
Clinopyroxene
Ce
0.12 Tholeiitic
Basalt

Source
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Aignertorres et al., 2007
Interpolated
Dunn and Sen, 1994
Dunn and Sen, 1994
Interpolated
Dunn and Sen, 1994
Dunn and Sen, 1994
Dunn and Sen, 1994
Dunn and Sen, 1994
Dunn and Sen, 1994
Dunn and Sen, 1994
Dunn, 1987
Beattie, 1994
Fuijimaki et al., 1984
Green et al., 2000
Green et al., 2000
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Clinopyroxene

Pr

Clinopyroxene

Nd

Clinopyroxene

Sm

Clinopyroxene

Eu

Clinopyroxene

Gd

Clinopyroxene

Tb

Clinopyroxene

Dy

Clinopyroxene

Ho

Clinopyroxene

Er

Clinopyroxene

Yb

Clinopyroxene

Lu

Clinopyroxene

Li

Clinopyroxene
Clinopyroxene
Clinopyroxene

Ba
Pb
Ti

Clinopyroxene

Hf

Clinopyroxene

Nb

Clinopyroxene

U

Clinopyroxene

Ta

Clinopyroxene

Sr

Clinopyroxene

Zr

Clinopyroxene

Y

Clinopyroxene
Amphibole
Amphibole
Amphibole
Amphibole

K
La
Ce
Pr
Nd

0.2 Tholeiitic
Basalt
0.33 Tholeiitic
Basalt
0.23 Tholeiitic
Basalt
0.23 Tholeiitic
Basalt
0.27 Tholeiitic
Basalt
0.27 Tholeiitic
Basalt
0.3 Tholeiitic
Basalt
0.25 Tholeiitic
Basalt
0.24 Tholeiitic
Basalt
0.22 Tholeiitic
Basalt
0.18 Tholeiitic
Basalt
1.052 Synthetic
Basalt
0.00026 Basalt
0.00968 Basalt
0.96 Synthetic
Basalt
0.31 Tholeiitic
Basalt
0.0067 Tholeiitic
Basalt
0.11 Synthetic
Basalt
0.022 Tholeiitic
Basalt
0.11 Tholeiitic
Basalt
0.18 Tholeiitic
Basalt
0.24 Tholeiitic
Basalt
0.007 Basalt
0.3 Basalt
0.5 Basalt
0.6 Basalt
0.7 Basalt

Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Bennett et al., 2004
Beattie, 1993
Beattie, 1993
Bennett et al., 2004
Green et al., 2000
Green et al., 2000
Bennett et al., 2004
Green et al., 2000
Green et al., 2000
Green et al., 2000
Green et al., 2000
Keleman and Dunn., 1992
Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984

80
Amphibole
Amphibole
Amphibole
Amphibole
Amphibole
Amphibole
Amphibole
Amphibole
Amphibole
Amphibole

Sm
Eu
Gd
Tb
Dy
Ho
Er
Yb
Lu
Li

Amphibole

Rb

Amphibole

Th

Amphibole

Pb

Amphibole
Amphibole

Ti
Hf

1
2
0.3
2
2
2
1.5
1
1
0.3

Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
BasaltAndesite
0.16 BasalticAndesite
0.5 BasalticAndesite
0.1 Basalt

Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984
Irving and Frey, 1984
Dostal et al., 1983
Green et al., 1993
Dostal et al., 1983
McKenzie and O'Nions,
1991
Oberti et al., 2000
Dostal et al., 1983

0.48 Basalt
0.5 BasaltAndesite
Amphibole
Nb
0.21 BasalticGreen et al., 1993
Andesite
Amphibole
U
0.1 BasaltDostal et al., 1983
Andesite
Amphibole
Ta
0.19 BasalticGreen et al., 1993
Andesite
Amphibole
Sr
0.35 BasalticGreen et al., 1993
Andesite
Amphibole
Zr
0.35 BasalticGreen et al., 1993
Andesite
Amphibole
Y
1.3 BasalticGreen et al., 1993
Andesite
Note. Partition coefficients used to calculate parent melt trace element composition
of the Kimama xenoliths. Kd=partition coefficient.

